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Acetylation halts missense mutant p53 aggregation
and rescues tumor suppression
in non-small cell lung cancers

Daxing Xu,1,2,6 Wei Qian,1,2,6 Zhenkun Yang,1,2,6 Zhenhao Zhang,1,2,6 Ping Sun,3,6 Quan Wan,4 Ying Yin,1,2

Yaling Hu,1,2 Lingli Gong,1,2 Bo Zhang,1,2 Xusheng Yang,1,2 Zhening Pu,1,2,* Peihua Lu,2,5,* and Jian Zou1,2,7,*
SUMMARY

TP53 mutations are ubiquitous with tumorigenesis in non-small cell lung cancers
(NSCLC). By analyzing the TCGA database, we reported that TP53 missense
mutations are correlated with chromosomal instability and tumor mutation
burden in NSCLC. The inability of wild-type nor mutant p53 expression can’t pre-
dict survival in lung cancer cohorts, however, an examination of primary NSCLC
tissues found that acetylated p53 did yield an association with improved survival
outcomes. Molecularly, we demonstrated that acetylation drove the ubiquitina-
tion and degradation of mutant p53 but enhanced stability of wild-type p53.
Moreover, acetylation of a missense p53 mutation prevented the gain of onco-
genic function observed in typical TP53mutant-expressing cells and enhanced tu-
mor suppressor functions. Consequently, acetylation inducer targeting of
missense mutant p53 may be a viable therapeutic goal for NSCLC treatment
and may improve the accuracy of current efforts to utilize p53 mutations in a
prognostic manner.
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INTRODUCTION

TP53 coding p53 protein is a transcriptional regulator responsible for guarding genome stability and regu-

lating crucial cellular processes from differentiation and proliferation to metabolism and senescence/

death.1 TP53 is the gene most highly correlated with tumorigenesis in humans, with approximately 50%

of cancers containing the TP53/p53 variation according to data from The Cancer Genome Atlas

(TCGA).2 p53 mutations or alterations are associated with chromosomal instability, such as oncogene

amplification and tumor suppressor gene deletion. Mutated p53 tumors predominantly exhibit abnormal

expression of cell cycle progression genes and apoptosis related genes/proteins, which are significantly

associated with the decreased survival rate of patients with multiple cancers.3–6

Lung cancer involves malignant tumors with some of the highest morbidity and mortality rates, of which

non-small cell lung cancer (NSCLC) accounts for 75% of all cases and causes about 85% of lung cancer-

related deaths.7,8 TP53 mutation is one of the most common mutations in NSCLC.9–11 In stage I

NSCLCs, the survival of wild-type TP53 patients is higher than that of a patient with mutant TP53. Despite

the TP53 mutation having no significant correlation with patient survival, it has been shown to be signifi-

cantly correlated with recurrence in advanced NSCLCs.12–14 An integrated analysis of TP53 and pathway

alterations indicated that TP53mutation fails to predict overall survival of lung adenocarcinoma (LUAD) pa-

tients. However, among patients with TP53 mutation, those with high levels of CDC20, PLK1, CENPA, and

KIF2C had a relatively poorer survival. Therefore, it is not recommended to assess prognosis based solely

on TP53 gene status.2

The majority of p53 mutations are missense mutations caused by a single amino acid substitution. p53

missense mutations mainly occur within the DNA-binding domain (DBD), resulting in loss of DNA-binding

ability.15 Although it is widely held that p53 missense mutations largely contribute to the malignant pheno-

type of tumor cells, meta-analysis indicates that p53 missense mutations do not predict poor survival

outcomes.2 Thus, whether missense mutations endow gain-of-function (GOF) or trigger loss of guardian

functions remains controversial.16,17
iScience 26, 107003, July 21, 2023 ª 2023 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:puzhening@njmu.edu.cn
mailto:lphty1_1@163.com
mailto:zoujan@njmu.edu.cn
https://doi.org/10.1016/j.isci.2023.107003
https://doi.org/10.1016/j.isci.2023.107003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.107003&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


ll
OPEN ACCESS

iScience
Article
Attributed to ubiquitin-mediated degradation, normal p53 is a short-lived transcriptional factor with a

half-life of �5–20 min, while p53 missense mutations contribute a longer half-life via escape from ubiqui-

tin-mediated degradation.18,19 These studies indicate that different mechanisms are involved in regulating

wild-type and mutant p53 stability and biological functions. It is well-known that acetylation is required for

the activation of p53 and subsequent biological processes, including contributing to wide-type p53 stabil-

ity by inhibiting ubiquitination.20,21 Six acetyltransferases have been identified to-date, whichmodify p53 at

the lysine site of the C-terminal domain (CTD) or its central DBD. Six of the eight major acetylation sites of

human p53 (K120, 164, 370, 372, 373, 381, 382, and 386) are in the CTD region.22–24 p53 acetylation at these

lysine (K) residues trigger a switch to glutamine (Q), inhibiting ubiquitination, subsequent degradation by

MDM2, and release from transcriptional repressor binding (23, 25). Interestingly, p53 missense mutations

rarely occur at lysine sites, especially in the CTD region.25 Moreover, acetylation recovers the physical

conformation and can restore missense p53 mutations, DNA binding, and tumor suppression.26,27

The present study applied high-throughput analysis to a large cohort of NSCLCs tissues spanning 17

previous studies via TCGA and in-house tissue arrays to explore the relationship between TP53/p53

gene status/expression and NSCLCs prognosis more in depth. Combined with functional experiments

using an acetylation mimic mutant in CTD, it was revealed that higher p53 acetylation was positively corre-

lated with survival outcomes. Additionally, acetylation halted the aggregation of missense mutated p53,

reverses the GOF and rescues tumor suppression of missense mutated p53. This may be mechanically

mediated through the regulation of ubiquitination and degradation, offering a theoretical basis for further

study of the reversal of GOF p53 missense mutation acetylation.

RESULTS

TP53 missense mutation is correlated with chromosomal instability and tumor mutation

burden in non-small cell lung cancers

We leveraged 17 previous studies on NSCLCs using TCGA online tools such as cBioPortal for analysis.

Using 3238 of 6122 samples, we found that the overall TP53 mutation frequency was 53%. The mutations

for TP53 included missense mutations at 64.88% (2219/3420), truncated mutations at 24.74% (846/3420),

in-frame mutations at 1.46% (50/3420), splice mutations at 8.86% (303/3420), and gene fusions at 0.06%

(2/3420) (Figure 1A). Among these mutations, the majority of missense mutations were observed in the

DBD of TP53. ‘‘Hot spot’’ missense mutations included R273, R158, R248, G245, V157, G249, and R175 in

order of mutation frequency (Figure 1B). Further analysis of nucleotide alteration of hot spot missense

mutations showed that most of R158, V157, G245, R273, and G249 mutations were C > A substitutions,

while more than 70% of R175 mutations were C > T substitutions (Figure 1C, left). The main amino acid sub-

stitution of these missense mutations was R273L, R158L, V157F, R249M, and R175H (Figure 1C, right). To

determine the relationship between TP53 missense mutations and genomic stability, the frequency of

copy number variation (CNV), and somatic mutation (SMT) was analyzed from samples collected over 17

previous NSCLC studies using cBioportal for cancer genomics. A total of 1305 TP53missensemutated sam-

ples of 1114 patients and 2801 wild-type samples of 2651 patients were included. The frequency of CNV

and SMT in the TP53missense mutation group was much higher than that in wild type group, and the num-

ber of genes with CNV and SMTs were also greater than in wild type group (Figures 1D and 1E). The data in

Figures 1F and 1G represent the top 20 genes with CNV and SMT alterations between missense and wild

type groups, respectively. Tumor mutation burden (TMB) analysis further indicated that the population

containing missense mutated TP53 observed higher gene mutations (Figure 1H). Therefore, these data

suggest that TP53 genetic alterations, missense mutations correspond to higher rates of chromosome

instability events in NSCLC.

TP53 missense mutations are not necessarily associated with adverse outcomes in NSCLCs

Utilizing NSCLC TCGA sample data, TP53 missense mutations, CNVs, mRNAs and protein expression

values were examined from the cBioPortal. It was observed that TP53mRNA and protein were significantly

increased in LUAD and lung squamous cell carcinoma (LUSC) tissues compared to adjacent normal tissues

(Figures 2A and 2B). In LUADs particularly, themRNA level was not altered between wild-type andmissense

mutation cases (Figure 2C), although a significant difference existed between CNV amplification and dele-

tion groups (Figure 2D). An interesting finding was that p53 protein level was significantly higher in

missense mutation cases (Figure 2E) independent of CNV status (Figure 2F), suggesting that the upregu-

lation of p53 in missense cases is derived from post-transcription in LUAD. In contrast, LUSC samples

exhibited significantly higher TP53 mRNA and p53 protein levels in missense mutation cases
2 iScience 26, 107003, July 21, 2023



Figure 1. TP53 mutations are correlated with chromosomal instability and tumor mutation burden in non-small

cell lung cancers (NSCLCs)

(A) General mutant frequency of TP53 originated from 17 NSCLCs studies. Specific colors indicate TP53 genetic

alternatives.

(B) Distribution of p53 missense mutations according to the sequence of p53 protein.

(C) Histogram indicating the constituent 6 hotspot missensemutations derived from nucleotide alteration (left) and amino

acid substitution (right).

(D) Volcano plot indicating log ratio of copy number variation (CNV) frequency between TP53 wild-type and missense

mutation groups (q value < 0.05).

(E) Volcano plot indicating log ratio of somatic mutation (SMT) frequency between TP53 wild-type and missense mutation

groups (q value < 0.05).

(F) Histogram showing the top 20 genes with highest CNV frequency.

(G) Histogram showing the top 20 genes with highest SMT frequency.

(H) The tumor mutation burden (TMB) of non-synonymous mutations between TP53 wild-type and missense mutation

groups in LUAD and LUSC (TCGA, Pan Cancer Atlas) (Wilcoxon rank-sum test, **p < 0.01, ***p < 0.001). The boxes

indicated the median G 1 quartile, the whiskers extended to the farthest non-outliers within 1.5 3 IQR from the box

boundaries, outliers were also marked.
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Figure 2. Missense mutations correlated with higher p53 protein expression predict poor survival in NSCLCs

(A) Analysis of TP53 mRNA expression between normal and tumor samples in lung adenocarcinoma (LUAD) or lung squamous cell carcinoma (LUSC)

(Wilcoxon rank-sum test, **p < 0.01, ***p < 0.001).

(B) Analysis of p53 protein levels between normal and tumor samples in LUAD or LUSC (LUAD: Wilcoxon rank-sum test; LUSC: unpaired Student’s t test,

***p < 0.001).

(C) Analysis of TP53 mRNA expression between wild-type and missense mutant groups in LUADs (Wilcoxon rank-sum test).

(D) Pairwise comparison of TP53 mRNA expression between wild-type and missense mutant groups in LUADs grouped by copy number variations (Amp,

amplification; Del, deletion) (unpaired Student’s t test was used to compare the differences between ‘‘wild-type Amp n = 15’’ and ‘‘missense Amp n = 15’’,

Wilcoxon rank-sum test was applied for the remaining groups; ns, no significance, ***p < 0.001).

(E) Analysis of p53 protein expression between wild-type and missense mutant groups in LUADs (Wilcoxon rank-sum test, ***p < 0.001).

(F) Pairwise comparison of p53 protein expression between wild-type and missense mutant groups in LUADs grouped by copy number variations (Wilcoxon

rank-sum test, ns, no significance, **p < 0.01, ***p < 0.001).

(G, I, K) Kaplan-Meier curves showing overall survival of patients in the indicated LUAD cohorts based on RNA-seq data guided by TP53 optimal cutoff value

(Log rank, p values indicated).

(H, J, L) Kaplan-Meier curves showing overall survival of patients in the indicated LUAD cohorts based on protein data guided by p53 optimal cutoff value

(Log rank, p values indicated).

For these boxplots, the boxes represented the median G1 quartile, while the whiskers extending from the top and bottom sides reach the maximum or

minimum value.
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Figure 3. Acetylation promotes wild-type p53 stability, but drives missense mutant p53 ubiquitination and

degradation

(A) Western blot analysis detected the expression of p53 in H1299 cells treated with cycloheximide (CHX; 20 mg/mL) for

the indicated times. The trend of p53 alterations are shown (mean G SD and determined using Student’s t tests, n = 3).

(B) Ubiquitination assay of the indicated p53 constructs in H1299 cells. Cells were incubated with MG132 (20 mM) for 6 h

before harvest. Ubiquitin (Ub)-binding p53 was immunoprecipitated (IP) by HA antibody and detected by Ub antibody.

Target proteins in the total lysate were detected using indicated antibodies.

(C) Western blot analysis indicated the expression of p53 and acetylated p53 in the indicated cells treated with or without

doxorubicin (Dox; 1 mM) for 2 h.
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Figure 3. Continued

(D) Western blot analysis detected p53 stability in H1299 cells treated with Dox (1 mM) and CHX (20 mg/mL) for the

indicated times. The trend of p53 alterations was shown (mean G SD and determined using Student’s t tests, n = 3).

(E) Ubiquitination assay of p53 in H1299 cells expressing the indicated constructs. Cells were treated with or without Dox

(1 mM) for 2 h and incubated with MG132 (20 mM) for 2 h before harvest.

(F) Western blot analysis of total p53 and acetylation in NSCLC cell lines treated with or without Dox (1 mM) for 2 h.
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(Figures S1A–S1D). Subsequently, survival analysis and relative risk of death (hazard ratio, HR) were applied

to explore the clinical relevance of the TP53 gene status. In the entire LUAD cohort, the overall survival was

independent of mRNA level of TP53 wild-type or missense mutation (Figure 2G). At the protein level,

although no significant difference was found, patients with p53 missense mutation have a certain worse

survival probability (Figure 2H). Guided by the optimal cutoff value calculated by X-Tile, we further analyzed

the survival outcomes in reference to the expression of TP53/p53 wild-type or missensemutation. As shown

in Figures 2I and 2J and Table S4, lower levels of wild-type p53mRNAwere associated with a reduced death

risk and predicted a relative better survival outcome, while no significant difference was observed at

protein level in wild-type p53 cases. For p53 missense mutant patients, the survival analysis showed the re-

sults similar to those of wild-type p53 containing patients (Figures 2K and 2L). In LUSC cohort, an interesting

finding was that p53 missense mutation predicted a promising survival outcome both at mRNA and protein

(Figures S1E and S1F). Ultimately, according to the optimal cutoff value grouping rule, the expression of

wild-type or missense mutated p53 mRNA and protein had no clinical significance (Figures S1G–S1J).

Collectively, these results reveal that p53 missense mutations are not necessarily associated with adverse

outcomes in NSCLCs.
Acetylation promotes wild-type p53 stability, but drives missense mutant p53 ubiquitination

and degradation

Missense mutant p53 bears functional consequences that are distinct from the wild-type protein.28 There-

fore, the regulation of missense mutant p53 at protein level in NSCLCs deserves further attention. The

upregulation of missense mutated p53 at the protein level independent of mRNA was recurrent in an

NSCLC cell line (Figures S2A and S2B), indicating that post-transcriptional regulation is an important mech-

anisms regulating the activity and stability of wild-type and mutant p53 in NSCLCs.29 Since acetylation is

crucial for p53 stability and functional execution, we explored whether acetylation exerts differential effects

on the stability of wild-type (WT) and missense mutant p53. Here, a common structural mutation, R175H,

was introduced into the following experiments. Acetylation of the CTD is a determinant of p53 DNA bind-

ing and tumor suppressing properties.30 Current knowledge suggests that CTD acetylation occurs at six

lysine sites covering K370, 372, 373, 381, 382, and 386. Given that the stability of p53 is mainly regulated

by acetylation of CTD, the CTD constitutive acetylation mutant (3KQ), in which lysine (K) was converted

to glutamine (Q) at K373, K381, and K382, and the CTD non-acetylationmutant (6KR), in which the six known

CTD acetylation sites were converted to arginine (R), were used for subsequent study (Figure S3A). With

these constructs, the stable cell lines expressing Mock, wild-type p53 (WT), WT 3KQ (WT3KQ), R175H,

R175H 3KQ (R175H3KQ), WT 6KR (WT6KR), and R175H 6KR (R175H6KR) were established in H1299 cells, a

p53-null NSCLC cell line (Figure S3B). With these constructs, the effects of acetylation on p53 protein

stability were determined by the cycloheximide (CHX) chase analysis. It was observed that wild-type p53

was a short-lived protein with a half-life of about 1 h, while the half-life of R175H was markedly prolonged,

and no significant degradation was observed during the observation period (Figure 3A). These findings are

consistent with results derived from a bioinformatics analysis demonstrating that the level of missense

mutant p53 was significantly higher than that of wild-type p53. As expected, simulated acetylation

(WT3KQ) increased the half-life of p53 from 1 h to nearly 2 h, confirming that acetylation enhances p53 sta-

bility.30 However, a surprising observation was that R175H3KQ underwent a faster degradation than R175H,

suggesting that acetylation impairs the stability of R175H. For the non-acetylation mutants, there were no

significant alterations in stability were found in WT6KR and R175H6KRcompared to their respective non-

lysine mutated constructs (Figure 3A). Moreover, ubiquitin experiments indicated that acetylation resulted

in a reduction in the ubiquitination of wild-type p53, but induced an increase in the ubiquitination of R175H

(Figure 3B, above). Consistent with a previous report that CTD 6KRmutation has no effect on p53 stability,31

there was no obvious difference of ubiquitination observed between WT and WT6KR, as well as between

R175H and R175H6KR (Figure 3B, below). This suggests that CTD acetylation is a crucial proteinmodification

for both wild-type and mutant p53, but with opposite effects. To further confirm these findings, we de-

ployed doxorubicin (Dox) as an acetylation inducer.32,33 As shown in Figure 3C, Dox chase induced acety-

lation of endogenous wild-type p53 and increased overall p53 levels in A549 cells. The acetylation and
6 iScience 26, 107003, July 21, 2023



Figure 4. Acetylation halts aggregation and reactivates missense mutant p53

(A) Western blot analysis detected the solubility of p53 in indicated NSCLC cells. GAPDH served as a loading control.

(B) Western blot analysis showed the solubility of ectopic p53 and R175H in H1299 cells.

(C) Western blot analysis detected the effect of acetylation simulation on p53 solubility. The lower panel showed the

quantitative of solubility ratio between the indicated groups (mean G SD and determined using Student’s t tests, n = 3,

**p < 0.01).

(D) Western blot assay demonstrated the expression of p53 and acetylated p53 in the indicated cells treated with

increased concentrations of ReAcp53 for 20 h. The lower panel displays the trend of the indicated protein alteration. Data

were expressed as mean G SD.

(E) IP analysis detected the overall p53 acetylation in the indicated cells treated with ReAcp53 (5 mM) for 20 h. Cell lysates

were obtained by IP using p53 antibody followed by Western blot assay using the indicated antibodies.
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Figure 4. Continued

(F) Western blot analysis detected the effect of ReAcp53 on p53 solubility in the indicated cells treated with ReAcp53

(5 mM) for 20 h. The lower panel shows the quantitative solubility ratio between the indicated groups (mean G SD and

determined using Student’s t tests, n = 3, **p < 0.01).

(G) Schematic illustration of the evaluation of in vivo tumor growth derived from H1299-R175H cells responding to

ReAcp53 treatment. Mice bearing tumors with volume of 200 m3 were randomly grouped and received intraperitoneal

injections of DMSO or ReAcp53 (15 mg/kg) every day for 14 days. Tumor volume was monitored as indicated from the first

treatment. Tumors were collected on the 15th day post-first treatment.

(H) Growth curve of subcutaneous xenografts. (Mean G SD and determined using Student’s t tests, n = 5, *p < 0.05,

**p < 0.01).

(I) Representative images of subcutaneous xenografts collected at the 15th day after first treatment. The right panel shows

the tumor weight statistics (mean G SD and determined using Student’s t tests, n = 5, **p < 0.01).
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expression induced by Dox treatment also occurred in ectopic wild-type p53, but Dox treatment achieved

contrary results on acetylation status and overall expression of R175H. CHX chase analysis indicated that

Dox promoted the half-life of wild-type p53 and accelerated the degradation of R175H (Figure 3D),

confirmed by ubiquitin experiments (Figure 3E). The adverse effect of Dox intervention on the stability

of wild-type and mutant p53 was subsequently verified in NSCLC cells expressing endogenous p53. (Fig-

ure 3F). Collectively, these data reveals that acetylation exerts diametrically opposed effects on wild-type

and mutant p53 in NSCLC cells.
Acetylation halts aggregation and reactivates missense mutant p53

The stability of mutant p53 is due to aggregation, and restoring solubility can rescue tumor suppres-

sion.34–36 Western blot detection of detergent-soluble and insoluble fractions derived from NSCLC cell

lines covering wild-type (A549, H446) and missense mutant p53 (H520 with W146Q, PC-9 with R248Q)

showed that most of wild-type p53 exists in soluble components, while a considerable part of missense

mutant p53 was detected in detergent insoluble components (Figure 4A). The detection in H1299 cells ex-

pressing ectopic p53 further confirmed these findings (Figure 4B). In acetylation simulation experiments, it

was found that acetylation did not affect the distribution of wild-type p53 across soluble or insoluble com-

ponents, however, an increase of R175H in the soluble component was observed (Figure 4C). This evidence

suggests that acetylation promotes the solubility of mutant p53, while the stability of wild-type p53 is not

affected by increased insolubility. Halting aggregation or increasing solubility may rescue missense

mutated p53 transcriptional regulation.34 To explore this in our model, a p53 luciferase reporter assay

was applied to evaluate whether acetylation contributes to p53 mutant reactivation. As shown in Fig-

ure S4A, wild-type p53 introduction endows significant p53 transcriptional activity in p53 null-H1299 cells

and acetylation simulation further promotes the induction of wild-type p53. The activity of p53 in R175H

expressing cells was comparable to control H1299 cells, indicating that mutant p53 does not possess

p53 transcriptional activity. Acetylation stimulation re-endowed p53 transcriptional activity in R175H

mutant mimics. Transcriptome sequencing was further used to determine the expression of p53 across

the various constructs in H1299 cells. Gene set enrichment analysis (GSEA) indicated that WT and R175H

expression in H1299 cells reproduced the enrichment results from the NSCLC cohort, embodied in genes

involved in the p53 pathway, G2M checkpoint, TGFb signaling, Notch signaling, etc. (Figure S4B). Further

analysis illustrated enhanced p53 pathway enrichment induced by p53 acetylation, but also indicated loss

of p53 pathway regulation in R175H-expressing cells (Figure S4C). To determine whether 3KQ confers

direct transcriptional or DNA-binding ability to R175H p53, qPCR was performed to detect the expression

of p53-targeted genes regulating apoptosis in cells treated with Dox. As shown in Figure S4D, Dox induced

an increase of p53-targeted genes in R175H3KQ cells but failed to regulate these genes in R175H cells. ChIP-

qPCR assay indicated that Dox significantly promoted p53 binding to the targeted promoters in R175H3KQ

cells, whereas no detectable p53 DNA-binding promotion was found in Dox treated R175H cells (Fig-

ure S4E). Their findings suggest that acetylation directly rescues the p53 transcriptional activity of

R175H, restoring p53 functional and pathway regulation. Therefore, acetylation stimulation restores

mutant P53 by connecting structural and chemical alterations and promoting solubility.37 Subsequently,

ReACp53, a p53 activator targeting p53 aggregation,34 was applied to evaluate the correlation between

acetylation and solubility of mutant p53. PC-9 cells containing R248Q and H1299 cells expressing R175H

were simultaneously treated with gradient concentrations of ReAcp53 for 20 h (Figure 4D). ReAcp53

treatment resulted in a concentration-dependent increase of p53 acetylation. Using an antibody targeting

acetylated lysine (Ac-lysine), IP analysis further showed that ReAcp53 induced p53 acetylation in cells con-

taining endogenous missense mutated p53 (Figure 4E). Accordingly, ReAcp53 treatment induced
8 iScience 26, 107003, July 21, 2023
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Figure 5. Acetylation reverses p53 missense mutation gain-of-functions and rescues tumor suppressive activity

(A) Cell growth assay of H1299 cells expressing the indicated constructs (mean G SD and determined using one-way analysis of variance, n = 6, *p < 0.05,

**p < 0.01).

(B) Colony formation assay of H1299 cells (mean G SD and one-way analysis of variance, n = 3, **p < 0.01).

(C) EdU incorporation assay detecting the DNA replication of H1299 cells (mean G SD and one-way analysis of variance, *p < 0.05, **p < 0.01). Data were

expressed as the percentage of EdU positive cells (Red) to total Hoechst-labeled cells (Blue). Bars, 20 mM.

(D) Cell cycle detection by flow cytometry and the statistical results (mean G SD and one-way analysis of variance, n = 3, *p < 0.05).

(E) Apoptosis assay of H1299 cells. Cells were treated with Dox (0.5 mM) and Eto (10 mM) for 24h and apoptotic cells were analyzed by flow cytometry (meanG

SD and one-way analysis of variance, n = 3, *p < 0.05, **p < 0.01).

(F) Representative images of 3D-spheroid growth assay (left) and statistics (right; mean G SD and one-way analysis of variance, n = 5, **p < 0.01). Bars,

500 mM.

(G) Growth curve of subcutaneous xenografts derived from H1299 cells. The tumor volume was measured at the indicated times after implantation (mean G

SD and one-way analysis of variance, n = 5, **p < 0.01).

(H) Representative images of subcutaneous xenografts collected at the 22nd day after implantation. The right panel shows the tumor weight statistics

(mean G SD and one-way analysis of variance, n = 5, **p < 0.05).

(I) Representative images of p53 and Ac-p53 IHC in non-cancerous tissues (NCT) and LUADs (tumor) tissues. Scale bars, 200 mm in whole images and 10 mm in

local enlarged images.

(J) Immunoreactivity scoring (IRS) analysis of p53 and Ac-p53 expression (mean G SD and determined using Student’s t tests, **p < 0.01).

(K) Diagram showing high (Ac-p53H) and low Ac-p53 (Ac-p53L).

(L) Overall survival analysis grouped by p53 positive and negative tissues (Log rank).

(M) Overall survival analysis grouped by high p53 and low p53 based on IRS cutoff of 6 (Log rank).

(N) Overall survival analysis grouped by high Ac-p53 and low Ac-p53 based on IRS cutoff of 8 (Log rank).
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enhancement of endogenous or ectopic missense mutant p53 solubility (Figure 4F) and, not surprisingly,

significantly inhibited growth of tumors derived fromH1299 cells expressing R175H (Figures 4G–4I). Collec-

tively, the evidence points to a mechanism whereby acetylation halts aggregation and enhances the solu-

bility of missense mutated p53, thus rescuing p53 pathway regulation.
Acetylation reverses p53 missense mutation gain-of-function and rescues tumor suppressor

activity

It is widely believed that missense mutant p53 leads to a dominant gain-of-function that result in genomic

instability that beliesmalignant cancer cell phenotypes.38 The introduction of R175H promoted cell growth,

colony formation, and DNA replication in H1299 cells (Figures 5A–5C). Cell cycle analysis showed that

R175H expression resulted in a decrease of cells in the G0/G1 phase and a concomitant increase in cells

in G2/M phases (Figure 5D). R175H expression also protected cell from apoptosis induced by Dox or

ETO (Figure 5E), confirming the established view that mutant p53 blunts the tumor cell’s response to

chemotherapy.39 This gain-of-function was documented in R175H-expressing, p53-null H1299 cells. To

confirm that acetylation reverses the GOF of missense mutant p53,26,40 the functions of R175H3KQ in

H1299 cells were also examined. As shown in Figures 5A–5C, R175H3KQ partly impaired the GOF of

R175H regarding cell proliferation. Moreover, acetylation induced R175H-specific loss of GOF cell cycle dy-

namics (Figure 5D) and anti-apoptosis (Figure 5E). Furthermore, 3D-spheroid growth assay (Figure 5F) and

subcutaneous xenograft growth assay (Figures 5G and 5H) indicated that R175H expression resulted in

significant tumor growth promotion in vitro and in vivo. While R175H3KQ-expressing cells exhibited com-

parable tumorigenesis and growth in Mock-expressing cells, disclosing acetylation completely reversed

the tumor promotion of missense mutant p53. To determine the significance of p53 acetylation in

NSCLCs, a human primary NSCLC tissue microarray (including 98 tumor samples and 82 NCT) was per-

formed using p53 or acetylated p53 (acetyl K382) antibodies (Figure 5I). The sections used for p53 and acet-

ylated p53 were adjacent. Results showed that the expression of p53 and acetylated p53 were extremely

low in NCTs but significantly upregulated in tumor tissues (Figures 5I and 5J). p53 and acetylated p53

were mostly notably expressed in cellular nuclei. Immunohistochemical (IHC) quantification showed 84 tu-

mor samples expressed p53 (p53+) and 14 samples did not express p53 (p53-) (Figure 5K). After excluding

for p53 negative cases positive for acetylated p53, a total of 50 cases of highly acetylated p53 (Ac-p53H) and

38 cases of lowly acetylated p53 (Ac-p53L) remained, based on the IRS cutoff value of 8. The overall survival

analysis indicated no significant difference between patients with p53 positive and negative (Figure 5L)

histology, nor between patients with high or low p53 expression based on the IRS cutoff of 6 (Figure 5M),

suggesting that p53 expression independently holds no predictive value for NSCLC patients. For acety-

lated p53, those with higher acetylation did observe better predicted survival outcomes (Figure 5N).

Collectively, these observations reveal that acetylation can reverse the dominant, GOF of common p53

missense mutants and predicts improved outcomes of NSCLC patients.
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DISCUSSION

The prevalence of p53 mutations, subsequent structural and oncogenic functions suggest a potential for

p53 mutations as an indicator of patient outcomes, while little to no evidence supports the independent

prognostic capacity of TP53 expression and mutation status in NSCLCs.41,42 Additionally, how TP53

mutations contribute to tumor progression is not resolved. Kennedy and Lowe outline three mutant

TP53 mechanisms, including loss of p53 functions, dominant inhibition of p53 functions, and gain of onco-

genic functions of mutant p53 products.43 Unraveling these mechanisms in NSCLC patients are essential to

improve categorization and treatment of TP53mutant tumors. It was posited that one of the requirements

for mutant p53’s gain of oncogenic functions involves post-transcriptional modifications, such as escape

from MDM2-specific ubiquitination, the dominant negative regulator of p53, and allowing abnormal accu-

mulation in mutant p53-expressing cancer cells.20,44,45 However, the post-transcriptional dynamic has not

been fully demonstrated in mutant p53. Thus, this study aimed to address the relationship between p53

missense mutations, acetylation/ubiquitination dynamics, downstream regulatory processes, and patient

survival with NSCLC tumors. Moreover, we sought to reconcile the mechanism of acetylation with the

observed pro-oncogenic roles of missense mutant p53.

We report that missense TP53 mutations accounted for 65% of all p53 mutations, mostly occurring in the

DBD, in line with previous assessments of TP53 missense mutations in TCGA lung cancer patients.46

Missense mutant p53 samples were highly correlated with chromosomal instability as demonstrated by

their higher rates of TMB, consistent to the previous observations in NSCLC cohorts.47,48 TP53 mRNA

and protein were elevated in LUAD and LUSC tissues, though the contribution of missense mutations

was not straightforward. In LUADs, p53 protein appeared to be altered post-transcriptionally in missense

mutation cases, while in LUSCs, the increase appeared related to elevated TP53mRNA. Neither mRNA nor

p53 protein were adequate predictors of survival in the LUAD cohort. In LUSC cases, increased expression

of p53 (mRNA and protein) missense mutations was correlated with improved survival, though not clinically

significant. These results suggest that the presence of p53 missense mutations is not rooted with adverse

survival outcomes in NSCLCs, in line with the proposal that not all p53 missense mutations were ‘‘disrup-

tive’’,49 though the stratification of disruptive versus non-disruptive p53 mutations has not identified

successful. It does stand to reason that toward a unifying strategy for the adoption of a p53 mutation prog-

nostic, much is left to understand about the breadth and scope of p53 mutations in NSCLCs.

The upregulation of missense mutant p53 at the protein level, independent of mRNA, was recurrent in an

NSCLC cell line, implying that a post-transcriptional mechanism regulates the elevation of mutant p53 pro-

tein.We found that acetylation increases the half-life/stability ofWT p53 but accelerates the degradation of

the structural, missense ‘‘hotspot’’ mutant R175H. This diametrically opposed action is concurrent with the

known competitive inhibition of acetylation/ubiquitin and the MDM2/ubiquitin-independent pathways of

mutant p53s, including R175H.50 Histone deacetylase (HDAC) inhibitor releases the degradation protec-

tion mechanism of mutant p53 and strongly chemosensitizes mutant p53 cancer cells.51 Present findings

provide directly evidence that acetylation promotes the ubiquitination degradation, and endows norma-

tive p53 functionality by acetylation/solubility of mutant p53. Similarly restored tumor suppression have

been observed by designer peptides and small stress molecules aimed at de-aggregating/correcting pro-

tein misfolding of mutant p53.34,35,52,53 The current evidence that acetylation promotes solubility of R175H

suggests a possibility that acetylation modifies or orders the secondary structure and folding of missense

mutant p53, thus partially restoring p53 functions, including DNA-binding capacity. In view of the perqui-

site of missense mutant p53 accumulation for gain of oncogenic functions, these findings bear significant

implications that de-aggregation of mutant p53 could rescue tumor suppression. Treatment of R175H-ex-

pressing cells with the designer peptide ReACp53 simultaneously increased acetylation and solubility of

mutant p53, prompting the need for further investigation of the hierarchy of acetylation and the structural

dynamics that render mutant p53 aggregation.37,51,54 These may even be further complicated by the dis-

ease stage and tissue type. Ultimately, refining our understanding of the structural and molecular land-

scape of one specific p53 mutation in a cancer-specific context may be the first step to unraveling the

diverse regulation of mutant p53.

This study adopted amulti-faceted approach, leveraging clinical data repositories and bioinformatics tools

in tandem with precision cellular constructs for mechanistic understanding. Our view of the inquisition of

mutant TP53 acetylation allowed for more in-depth answers than what were previously available for

NSCLC. A thorough understanding of the post-transcriptional modulation of missense mutant p53 is
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critical for the precise and clinical use of TP53mutations as prognostic indicators or even diagnostic tools in

the future. Some improvements include expanding our scope to other missense mutation ‘‘hotspots’’ in or-

der to confirm or broaden the findings among other common p53 missense mutations. For example, R273

contributes 5% of NSCLCmutations and has also been observed to possess gain of oncogenic functions.28

Additionally, focusing on MMD2/ubiquitin-independent stability dynamics due to the known existence of

E3 ligase-evading TP53 missense mutations.55 Finally, determining ground-truth accuracy of survival pre-

dictions based on more complex p53 mutation stratifications with longitudinal, prospective studies.

Missense p53 mutant acetylation status bears significant weight on the aggregation/insolubility of the p53

mutant, in turn directing E3 ligase degradation and/or cytoplasmic sequestration. Importantly, constitutive

acetylation demonstrated a restoration of tumor suppressor function, rescuing gain of oncogenic function

phenotypes comparable to designer peptides. Thus, we conclude that acetylation negatively regulates

mutant p53 by targeting aggregation/stability dynamics and inhibiting the gain of oncogenic functions

required for tumor growth. Acetylation inducer targeting mutant p53 is thus, a novel therapeutic target

for NSCLCs and may improve accuracy of current efforts to utilize p53 mutation status as a prognostic.

Limitations of study

In this study, it would be better to use naturally occurring acetylation or deacetylation instead of construct

mutant, to eliminate the potential effects caused by ectopic expression.

To verify the effect of acetylation on wild-type and missense mutant p53, only R175H mutation was intro-

duced into functional experiments, which may not be representative of all missense mutation features.

The study does not reveal possible mechanism to distinguish between wild-type and missense mutant p53

stability regulated by acetylation.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-GAPDH Proteintech Cat# 60004-1-Ig; RRID: AB_2107436

Mouse HA-tag Abmart Cat# M20003; RRID: AB_2864345

Rabbit Ubiquitin ABCAM Cat# ab7780; RRID: AB_306069

Mouse anti-p53 Sigma Cat# P5813; RRID: AB_261106

Rabbit Ac-Lysine ABCAM Cat# ab21623; RRID: AB_446436

Rabbit anti-p53 (acetyl K382) ABCAM Cat# ab75754; RRID: AB_1310532

Rabbit anti-p53 (acetyl K373) ABCAM Cat# ab62376; RRID: AB_944589

Peroxidase AffiniPure Goat Anti-Mouse IgG,

light chain specific

Jacson ImmunoReseatch Cat# 115-035-174; RRID: AB_2338512

Peroxidase IgG Fraction Monoclonal Mouse

Anti-Rabbit IgG, light chain specific

Jacson ImmunoReseatch Cat# 211-032-171; RRID: AB_2339149

Goat anti-mouse IgG (H + L) HRP conjugate Proteintech Cat# SA00001-1; RRID: AB_2722565

Goat anti-rabbit IgG (H + L) HRP conjugate Proteintech Cat# SA00001-2; RRID: AB_2722564

Bacterial and virus strains

GV348-TP53-HA Genechem N/A

GV348-R175H-HA Genechem N/A

GV348-TP53-3KQ-HA Genechem N/A

GV348-R175H-3KQ-HA Genechem N/A

GV348-TP53-6KR-HA Genechem N/A

GV348-R175H-6KR-HA Genechem N/A

Chemicals, peptides, and recombinant proteins

ReAcp53 MedChemExpress Cat# HY-P0121

Cycloheximide Selleck Cat# S7418

Etoposide Selleck Cat# S1225

Doxorubicin Selleck Cat# E2516

Critical commercial assays

SimpleChIP� Enzymatic Chromatin IP Kit Cell Signaling Cat# 91820

EdU incorporation assay Kit KeyGen Biotech Cat# KGA337-500

Apoptosis Detection Kit KeyGen Biotech Cat# KGA105

HiFiScript cDNA Synthesis Kit Cwbio Cat# CW2569M

Oligonucleotides

Primers for RT-qPCR assay Sangon Table S2

Primers for ChIP-qPCR assay Sangon Table S3

Deposited data

NSCLC samples data This paper https://www.cbioportal.org

Transcriptome sequencing and data This paper http://www.scidb.cn

Software and algorithms

GraphPad Prism GraphPad https://www.graphpad.com

FlowJo FlowJo https://www.flowjo.com

GSEA Broad Institute http://software.broadinstitute.org/gsea/index.jsp

R R-Project https://www.rproject.org
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Jian Zou (zoujan@njmu.edu.cn).
Materials availability

All unique reagents generated in this study are available from the lead contact with a completed Materials

Transfer Agreement.

Data and code availability

d Data from in-house cohorts are available from the corresponding author on reasonable request. Data

from publicly archive datasets are available from cBioPortal, CPTAC database, as publications cited in

the manuscript. These accession numbers for the datasets are also listed in the method details.

d Code: This paper does not report original code.

d All other requests: Any additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

The human NSCLC cell lines H1299, A549, H446, PC-9, and H520 were obtained from the Cell Bank of Type

Culture Collection of the Chinese Academy of Sciences. All cells were cultured in DMEM with 10% fetal

bovine serum (BI, Kibbutz, Israel). These cells were characterized by Genewiz, Inc. (China) using short

tandem repeat markers and were confirmed to be mycoplasma-free (last tested in 2021).
Clinical sample and immunohistochemical staining

The LUAD tissue microarray was used to perform immunohistochemical (IHC) staining of p53 and acety-

lated p53 (Ac-p53) expression. It contained 82 LUAD samples and their adjacent non-cancerous tissue

(NCT), as well as another 16 LUAD samples. The tissue microarray and clinical information (Table S1) was

obtained from Shanghai Outdo Biotech (HLugA180Su07). The IHC procedure was performed as described

in our previous studies.56,57 The slides were incubated with primary antibodies. Cell nuclei were counter-

stained lightly with crystal violet. The specificity of IHC was confirmed by normal mouse or rabbit IgG.

The expression of target proteins was semi-quantitatively scored according to an established immunore-

activity scoring (IRS) system.56 Two blinded pathologists independently scored the slides, and themean IRS

score was considered as the final (Table S1).
Tumor xenografts in nude mice

Four-week-old male nude mice were obtained from the Changzhou Cavens Experimental Animal Co., Ltd

(Jiangsu, China) and held under specific pathogen-free conditions. 5 x 106 H1299 cells expressing Mock,

R175H or R175H3KQ in 100 mL of DMEM: Matrigel (8:1, v/v; BD Biosciences, Franklin Lakes, NJ) were

injected s.c. into the right flank of each mouse. After forming a mass visible tumor, tumor growth was

subsequently monitored by measuring tumor diameter at the indicated times by blinded researchers.

At the final day, mice were euthanized and tumors were collected, weighed, and measured. For determine

the tumor inhibition of ReAcp53, mice were implanted with H1299-R175H cells in the same way. When the

derived tumors developed about 200 mm3 and were segmented into pieces of 1 mm3. Mice were randomly

grouped and implanted with one tumor segmentation and received intraperitoneal injections of DMSO or

ReAcp53 (15 mg/kg) every day for 14 days. Tumor volume was monitored as indicated from the first treat-

ment. Tumors were collected on the 15th day post-first treatment and tumor weight was measured. All an-

imal care and handling procedures were performed in accordance with the National Institutes of Health’s

Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Review Board of

Nanjing Medical University. No mice were excluded from scoring.
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METHOD DETAILS

Online cancer database acquisition and analysis

Data visualization and exploration of TP53 mutation information in NSCLC samples was implemented

through cBioPortal for Cancer Genomics (cBioPortal: https://www.cbioportal.org/). A total of 17 previous

studies (Lung adenocarcinoma: Broad, Cell 2012, MSKCC, Science 2015, OncoSG, Nat Genet 2020, TCGA,

Firehose Legacy, TCGA, Nature 2014, TCGA, Pan Cancer Atlas, TSP, Nature 2008; Lung squamous cell car-

cinoma: TCGA, Firehose Legacy, TCGA, Nature 2012, TCGA, Pan Cancer Atlas; Non-small cell lung cancer:

MSKCC, Cancer Discov 2017, MSK, Cancer Cell 2018, MSK, Science 2015, MSKCC, J Clin Oncol 2018,

TRACERx, NEJM & Nature 2017, University of Turin, Lung Cancer 2017 and Pan-lung Cancer: TCGA, Nat

Genet 2016) including 6122 samples from 5718 patients were accepted for follow-up analyses and image

presentation. Pre-processing RNA expression data, details of TP53mutation status, putative copy number

variation (CNV) status, and corresponding clinical information of LUAD and lung squamous cell carcinoma

(LUSC) were obtained from the download module of cBioPortal (TCGA, Pan Cancer Atlas). Count reads

were normalized with log2 transformation after adding a 0.5 pseudocount to avoid logical error. The pro-

tein data was acquired from The Clinical Proteomic Tumor Analysis Consortium (CPTAC). Only those con-

taining single or multiple p53 missense mutation sites were defined as missense mutations, while those

with other mutation forms were excluded from the category of missense mutations. Cell line data

(DepMap Public 22Q2) was derived from CCLE browser (CCLE: https://sites.broadinstitute.org/ccle/). By

integrating Cellosaurus (Cellosaurus: https://web.expasy.org/cellosaurus/) and other reports,58

CORL105, NCIH1944, NCIH1666, SW1573, A549, A427, NCIH1563 and DV90 were determined to be

NSCLC cell lines with wild type p53 expression.
Gene enrichment assay

Gene enrichment assay was performed by Gene Set Variation Analysis (GSVA) and Gene Set Enrichment

Analysis (GSEA) according the gene sets of ‘h.all.v7.5.1.symbols’ in the MSigDB database. GSVA was

analyzed by ‘‘GSVA’’ R package (Version 1.38.2) and presented by ‘‘ggplot2’’ R package (Version 3.3.5).

GSEA was performed using Java desktop software (Version 4.1.0). The significance threshold was set at

| t value |>2, | Normalized Enrichment Score | >1, and nominal P-value <0.05.
Vector construction and transduction

Full-length cDNA encoding human TP53 (NM_000546.5) was amplified by PCR and verified by DNA

sequencing. p53-HA lentivirus was constructed by inserting cDNA sequence into lentivirus vector GV348

(Genechem, Shanghai, China) with a hemagglutinin (HA)-tag. p53-R175H mutant (R175H-HA) lentivirus

was constructed based on the wild-type p53 lentivirus. As shown in Figure S3A, the CTD constitutive acet-

ylation mutants (3KQ) were constructed based on p53 and R175H lentivirus with amino acid mutations to

glutamine (Q) at K373, K381 and K382, and the CTD non-acetylation mutants (6KR) were constructed based

on p53 and R175H lentivirus with amino acid mutations to arginine (R) at K370, K372, K373, K381,

K382, K386.
Western blot assay

The expression of target proteins was measured by standard Western blot as previously described.59 Cells

were lysed by RIPA lysis buffer (Cell Signal Technology, Beverly, MA), and protein concentration was

measured by bicinchoninic acid (BCA) assay (CWBIO, China). For p53 acetylation analysis, cells were

treated with or without Doxorubicin (Dox, Selleck, Houston, TX) at concentrations of 1 mM for 2 h. For pro-

tein stability analysis, cells were treated with cycloheximide (CHX, 20 mg/mL; Sigma-Aldrich, St Louis, MO)

for the indicated times to block protein synthesis. Cell lysates were performed by standard Western blot

assay with the indicated antibodies to detect the target proteins degradation. For protein solution assay,

cells were treated with ReAcp53 (MedChemExpress, New Jersey, NJ) at concentrations of 5 mM for 16–20

h.34 Cell pellets were washed twice with PBS and lysed in RIPA lysis buffer supplemented with phosphatase

inhibitors for 30 min on ice. Soluble supernatant and insoluble precipitation of lysates were obtained by

centrifugation (12, 000 rpm) at 4�C. All lysates were diluted in loading buffer and denatured by heating

at 100�C. The prepared samples were analyzed by Western blot. Antibodies used to determine the indi-

cated proteins are shown in key resources table.
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Immunoprecipitation (IP) assays

IP experiments were performed to analyze protein ubiquitination. Briefly, cells were lysed by RIPA Lysis

Buffer and the whole-cell lysates were precipitated using Protein A/G magnetic beads (Bimake, TX,

USA) with hemagglutinin (HA) tag antibody. Precipitated products were analyzed by Western blot using

Ubiquitin (Ub) or HA antibody subsequently. The indicated protein expressed in total lysates were

detected by Western blot.

p53 transcriptional reporter assay

The reporter construct, pGL4.38[luc2P/p53 RE/Hygro] (p53 RE-pGL4.38, Promega, Madison, WI) was used

to evaluate p53 transcriptional activity. H1299 cells with indicated p53 constructs were transiently

transfected with the vector. pRL-TK Renilla luciferase plasmid (Promega) acted as a control. Thirty six hours

after transfection, p53 transcriptional activity was measured by a luciferase reporter system (Promega,

Madison, WI) according to our previously study.56

Transcriptome sequencing and data analysis

Transcriptome sequencing service was provided by YiKe Population Health Research Institute (China).

Briefly, total RNA of indicated cells cultured for 48 h was exacted using Trizol reagent (Thermo Fisher,

MA), qualified by NanoPhotometer (IMPLEN, CA) and quantified by Qubit 3.0 Flurometer C (Thermo

Fisher). The captured mRNA with polyA tail was transcribed to double strand cDNA and sequenced on

a HiSeq3000 system (Illumina, San Diego, CA) after library construction. Raw reads were acquired by

CASAVA v1.8 and stored in FASTQ format. Human reference genome (GRCh37) was used to align the

aforementioned reads. Statistical results in term of ‘‘Read counts’’ were output through Htseq v0.7.2 and

corresponding ‘‘FPKM (Reads Per Kilo bases per Million reads)’’ were also calculated. GSEA was performed

on the basis of sequencing data between the indicated groups. H1299 cells containing various constructs

with 3 duplicates for a total of 15 samples underwent sequencing and data analysis.

Cell growth and colony formation assay

Cell growth was assayed using the Cell Counting Kit-8 Kit (Biotool, Houston, TX). Each experiment was per-

formed with six independent biological samples with six technical replicates each time. For the colony

formation assay, 200 cells were seeded into each well of a six-well plate with soft agar (Agarose; Sigma-

-Aldrich) and maintained in a medium containing 10% FBS for 14 days. At the final culture day, the colonies

were fixed with methanol and stained with 0.1% crystal violet. The clones containing 50 cells were counted

using an inverted microscope. Colony formation assay was performed with three biological samples,

independently (three technical replicates each time).

Cell cycle assay

Cells were cultured for 24 h and synchronized by serum deprivation for 24 h. Next, cells were re-cultured in

normal medium for another 24 h, harvested, and fixed with 70% ethanol at �20�C. The derived cells were

suspended in PBS containing 100 ng/mL of RNaseA (Boehringer Mannheim, Indianapolis, IN) and

incubated with 50 mg/mL of propidium iodide (PI, Sigma-Aldrich) for 1 h at RT protected from light expo-

sure. Cell cycle fractions weremeasured by FACS Canto II (BD, Mountain View, CA), and the percentages of

cells in G1, S and G2 phases were calculated using ModFit LT software (RRID:SCR_016106, BD).

EdU incorporation assay

EdU incorporation was used to detect DNA replication as described previously.60 Briefly, cells were

cultured on coverslips coated with polylysine (20 mg/mL; Sigma-Aldrich) for 36 h in 24-well plates and

subsequently incubated with EdU (Keygen Biotech, China) for 12 h, followed by fixation. The staining

procedure was performed according to the manufacturer’s instructions (Keygen Biotech, China). The

coverslips were mounted with Gelmount containing Hoechst 33342 (Sigma-Aldrich). The quantitative

results were expressed as the percentage of EdU positive cells out of the total number of cells (as labeled

with Hoechst).

3D-spheroid formation and growth measurement

3D-Spheroid formation and growth assay was performed as described previously.56,57 Briefly, the detached

cells were resuspended in GBO medium with a minor modification (without insulin) according to a previ-

ously published report.61 Cells were seeded in the non-adherent 96-well plate (Corning, NY) at 400
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cells/well. Half of the medium was changed every 2 days. The spheroid formation and growth was

monitored by a microscope with a real-time camera (EVOS FL Auto Imaging System, Life Technologies,

Carlsbad, CA, USA). Photographs of tumor spheres were taken at the indicated time points and the area

of the spheroids was measured to reflect the growth status over time.
Cell apoptosis analysis

Cell apoptosis was assayed by Flow cytometry according to themanufacturer’s instruction of the Apoptosis

Detection Kit (KeyGen Biotech, China). Briefly, cells were cultured for 36 h and incubated with Dox (0.5 mM)

and Etoposide (Eto, 10mM; Selleck, Houston, TX) for 24 h before harvest. After incubation with Annexin

V-FITC/propidium iodide (PI), cells were immediately analyzed by FACScan flow cytometry (Becton–Dick-

inson, Mountain View, CA, USA).
Reverse-transcription quantitative PCR (RT-qPCR)

RT-PCR was performed to measure the targeted genes expression. Cells were treated with Dox (0.5 mM) for

24 h and total RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer’s instruc-

tions. cDNA was synthesized with the HiFiScript cDNA Synthesis Kit (Cwbio, Beijing, China), and PCR

analyses were conducted using UltraSYBR Mixture (Cwbio) on a Lightcycler 480 II instrument (Roche

Applied Science). GAPDH severed as an internal control. The specific oligonucleotide primer pairs are

listed in Table S2.
ChIP and ChIP-qPCR assays

The ChIP and ChIP-qPCR assays were performed to determine p53-DNA binding ability. ChIP was conduct-

ed according to the manufacturer’s instructions for the SimpleChIP Enzymatic Chromatin IP Kit (Cell

Signaling, Inc., Danvers MA). In brief, 2x107 cells and 7.5 mg anti-p53 antibody were used for each ChIP.

Mouse IgG and rabbit anti-Histone H3 antibody severed as negative control and positive control,

respectively. After reversal of cross-links and DNA purification, samples were used for qPCR with specific

primers targeting gene promoters (Table S3). ChIP efficiency was expressed according to our previously

established method.57
QUANTIFICATION AND STATISTICAL ANALYSIS

Data were expressed as mean G SD. Differences were determined by a statistical significance of p < 0.05,

*p < 0.05, **p < 0.01, ***p < 0.001. For the analyses of public bulk data, the variables were examined for

normal distribution by the Shapiro-Wilk normality test. If the samples obeyed normal distribution and

had equal variances, unpaired t tests were selected for analysis. Otherwise, Wilcoxon rank-sum test was

applied. Survival analyses were performed using the Kaplan-Meier method with log rank test. The optimal

cut-off values were determined by X-tile. The difference between two independent samples and multiple

experimental groups was determined by Student t test or one-way analysis of variance (ANOVA) followed

by a Newman Keuls’ multiple comparison test respectively. All statistical analyses and data graphing were

performed by FlowJo V10, Graphpad prism 8.0 or R.
ADDITIONAL RESOURCES

No additional resources are available for this article.
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