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Purpose—In prostate cancer (PCa) cells, there is CD24-dependent inactivation of mutant p53, 

but the mechanism and its significance remain largely unknown. Here, we validated this 

observation and explored the therapeutic potential of targeting CD24 in TP53 mutant PCa cells.

Experimental Design—Overall, 543 PCas (522 formalin-fixed paraffin-embedded and 21 

frozen tissues) were assessed for protein or mRNA expression of CD24 and TP53. The effects of 

CD24 on p53-dependent transcriptional regulation, cancer cell growth, the cell cycle, apoptosis, 

and mutant p53 restoration were also determined.

Results—As determined with three sample cohorts, CD24 and p53 were not expressed in 

prostate epithelial cells but in PCa cells in 48% of cases for CD24 and 16% of cases for p53 

(mutant form). Expressions of CD24 and mutant p53 were more frequently observed in late-stage 

and metastatic prostate tumors. Mutant p53 accompanied with CD24 was expressed in most cases 

(91.6%, 76/83). Silencing of CD24 increased the transcriptional activity of p53 target genes, such 

as CDKNA1, VDR, and TP53INP1, leading to suppression of p53-dependent cell growth, cell 

cycle arrest, and apoptosis in most TP53-mutant PCa cells. Silencing of CD24 enhanced 

restoration of PRIMA-1-induced mutant p53 in endogenous TP53P223L/V274F DU145 cells and in 

PC3 cells transfected with TP53R273H.

Conclusions—In human PCas, there is CD24-dependent inactivation of mutant p53. The co-

expression of CD24 and p53 may help identify aggressive cancers. Targeting CD24 provides a 

strategy to enhance mutant p53-restoring therapies, especially in patients with TP53R273H PCa.
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Introduction

The signal transducer CD24 is a cell surface molecule anchored by 

glycosylphosphatidylinositol (GPI). CD24 is not expressed in most cancer stem cells but is 

expressed in 68% of clinical samples across all major cancer types, especially late-stage 

cancers (1). Notably, CD24 serves as a marker for poor prognosis of human cancers (1), 

including prostate cancers (PCas) (2, 3). Analyses involving ectopic and/or inducible 

expression (4–7), targeted mutations (6, 8, 9), gene silencing (4, 6, 7, 10), and antibody 

blocking (11) demonstrate the oncogenic function of CD24. Our recent study showed that 

intracellular CD24 is sufficient to promote cell proliferation in PCa cells (6). Furthermore, 

the effects of CD24 on tumor progression and metastasis have been demonstrated with 

xenogenic (4–7, 9) and transgenic tumor models (6, 8). To validate the role of CD24 in 

tumor progression and metastasis in PCa, we crossed the CD24-null allele (12) into 

transgenic adenocarcinoma mouse prostate (TRAMP) mice, a strain that develops 

spontaneous PCas (13). The results showed that targeted mutation of CD24 retards the 

growth, progression, and metastasis of PCa cells (6), supporting a role of CD24 in tumor 

progression and metastasis. In addition, CD24 is highly expressed in hematopoietic cells and 

is involved in both adaptive and innate immunity (14), which may contribute to tumor 

progression and metastasis. However, our transplantation of bone marrow-derived CD24+/+ 

or CD24−/− cells had no impact on tumor progression and metastasis in a TRAMP model 
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(6), suggesting that CD24 in non-hematopoietic cells contributes to tumor progression and 

metastasis.

CD24 is expressed in half of PCa cases but is not expressed in prostate epithelial cells (2, 3). 

High CD24 expression levels are associated with lymph node metastases, advanced clinical 

stages, and shortened overall survival of patients with PCa (2, 3). Although CD24 

overexpression is implicated in tumor progression and metastasis (7, 9, 10, 15–18), a 

causative relationship has not been established. Recently, we identified, in PCa cells, a new 

function of CD24, inhibition of the ARF-NPM interaction. This inhibition causes ARF 

degradation, resulting in increased MDM2 levels and subsequently reduced p53 and levels 

of its target p21/CDKN1A (6). Further, we observed that most of the missense TP53 
mutations in PCa cells inactivate p53 functionally only if the cells also express CD24, but 

silencing of CD24 prevents mutational inactivation of TP53 in its p53-dependent 

transcriptional activity and inhibition of tumor growth (6). In support of the functional 

interaction between CD24 and p53, our in silico analysis revealed that TP53 mutates at a 

higher rate among PCas with higher levels of CD24 mRNA (6). Thus, CD24 is necessary for 

inactivating TP53 mutations, suggesting that, in PCas, CD24-dependent inactivation of 

mutant p53 may contribute to tumor progression and metastasis. However, this observation 

needs to be validated in human PCas.

TP53, a frequently mutated gene, is mutated in about 30% of PCas (19). TP53 mutation or 

loss of function promotes the invasion and metastasis of PCa cells (20, 21), and 

accumulation of mutant p53 is related to an increased risk of tumor progression and disease-

specific death and, in patients with PCa, to development of distant metastasis at year 5 (21–

24). Under conditions of homeostasis, wild-type (WT) p53 is unstable, with a half-life of 

less than 20 minutes, mainly due to degradation by its E3 ubiquitin ligase, MDM2 (25). 

Thus, within cells, WT p53 is maintained at low concentrations (26). However, mutant p53 

proteins are generally modified by post-translational modifications at specific sites, such as 

phosphorylation, acetylation, and SUMOylation, which stabilize p53, leading to a nuclear 

accumulation of mutant p53 as an oncogene. These post-translational modifications may 

alter the conformation of p53 to affect interaction with cofactors or binding to promoters 

(27). Mutant p53 proteins may also inhibit remaining WT p53 and thereby transform mutant 

p53 into a dominant oncogene (28). However, the mechanisms underlying the oncogenic 

function of mutant p53 remain elusive. Since our recent data showed that silencing CD24 
restores at least part of the tumor suppressor activity of mutant p53 in PCa cells (6), CD24 

may be a modulator of p53-driven tumor progression. In the present study, we assessed the 

expressions of CD24 and p53 and their associations with tumor progression and metastasis 

and explored the therapeutic potential of targeting CD24 in TP53-mutant PCa cells.

Materials and Methods

Human tissue specimens

We studied 697 formalin-fixed paraffin-embedded (FFPE) tissue specimens, including 522 

PCa tissues, 34 benign prostatic hyperplasia tissues, and 141 normal prostate tissues. Of the 

FFPE tissues, 309 were collected at the University of Alabama at Birmingham (UAB) 

Hospital between 2000 and 2014; 388 FFPE tissue microarray (TMA) samples were 
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purchased from US Biomax, Inc. (Rockville, MD) and ISU ABXIS, Co. (Seoul, South 

Korea). Brief clinical and pathological characteristics of the subjects are presented in Table 

1. All patients were diagnosed by histological examination of specimens obtained from 

surgical resections. The pathological stage of PCa at the time of diagnosis was determined 

based on the Tumor-Node-Metastasis (TNM) system for UAB and US Biomax specimens 

and the American Joint Committee on Cancer (AJCC) Cancer stage grouping (29) for ISU 

ABXIS specimens. Pathological grading was based on specimens corresponding to Gleason 

scores of 2–6, 7, and 8–10, respectively. In the UAB cohort, there were three races (140 

Caucasians, 35 African-Americans, and 6 Asians) but only Asians in the US Biomax and 

ISU ABXIS cohorts.

Frozen PCa specimens were selected from the Tissue Procurement Shared Facility at the 

Comprehensive Cancer Center, UAB. The specimens were collected from 31 patients with 

PCa who underwent primary surgery between January 2012 and June 2015. All had 

histologically-confirmed PCa with information on tumor stage (TNM) and grade (Gleason). 

For all specimens, informed consent was obtained from all subjects in accordance with the 

requirements of the Institutional Review Board of UAB.

Cell lines, antibodies, DNA constructs, and reagents

Human PCa cell lines DU145, PC3, and LNCaP were obtained from the American Type 

Culture Collection (ATCC). Cell lines were authenticated by examination of morphology 

and growth characteristics and confirmed to be mycoplasma-free. Cells were maintained in 

Dulbecco’s modified Eagle’s Medium supplemented with 10% fetal bovine serum (Life 

Technologies). Antibodies used for this study were human CD24 (ML5, BD Biosciences), 

p53 (DO-1, Santa Cruz Biotechnology), and p21 (DCS60, Cell Signaling). CD24 and TP53 
expression or shRNA constructs were created as described in our previous study (6). 

PRIMA-1 (Sigma) was used for restoring mutant p53. All constructs were verified by 

nucleotide sequencing.

Immunohistochemistry (IHC) analysis

The ABC detection system (Vectastain Elite ABC) was used for immunostaining according 

to the manufacturer’s protocol as described previously (30). Specific primary antibodies 

were used to detect CD24 (ML5, 1:100) and p53 (DO-1, 1:200). Protein expressions of 

CD24 in the plasma membrane and cytoplasm and p53 in nuclei were classified as negative 

or positive. The results were determined to be negative if <10% of cells within tumor areas 

were stained or positive if 10%-100% were stained. All slides were examined by two 

pathologists (S.W. and R.J.G.) in a blinded fashion.

Laser capture microdissection

Frozen tissue sections were used for laser capture microdissection to obtain prostate 

epithelial and cancer cells, as described previously (30, 31). For analysis of gene expression, 

5000 cells were microdissected from target tissues.
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Quantitative real-time PCR (qPCR)

mRNA expression was analyzed using qPCR on the Real-Time PCR System (Roche) with 

SYBR Green dye (Promega) in accordance with the manufacturer’s protocol. Relative 

expression levels were determined using the comparative method (2− Δ ΔCt) against 

endogenous GAPDH controls. The primer sequences are listed in Table S1.

Western blots and quantitative chromatin immunoprecipitation (ChIP)

Western blotting was performed as described previously (6, 31). WT or mutant p53-

transfected PC3 cells were used for ChIP assays, as described previously (6, 31). Briefly, 

cells were sonicated and fixed with 1% paraformaldehyde. The anti-p53 (DO-1) and anti-

IgG antibodies were used to pull down chromatin associated with WT or mutant p53. The 

amounts of the specific DNA fragments were quantitated by real-time PCR and normalized 

against the genomic DNA preparation from the same cells. The ChIP qPCR primers are 

listed in Table S1.

Cell proliferation, cell cycle progression, and apoptosis

1x104 CD24+ (CD24-transduced) or CD24− (CD24 shRNA-transduced) PC3 cells were 

transfected with TP53R175H or TP53R273H using Lipofectamine 2000 (Life Technologies) 

and treated with PBS or PRIMA-1 (50 μM) for 5 days. After starvation for 48 hours, cell 

morphology, viability, and number were monitored microscopically. At 0 and 24 hours, cell 

cycle progression was determined by propidium iodide (PI) staining and flow cytometry, as 

described previously (6). At 5 days, apoptosis was detected by flow cytometry based on cell 

binding to Annexin V (561012, BD Biosciences) and 7-aminoactinomycin (7-AAD; 555816, 

BD Biosciences) (32).

Experimental animals

IL2Rcg−/−Nod.Scid (NSG) mice were purchased from The Jackson Laboratory (JAX). All 

mice were bred at the animal facilities of the Animal Resources Program at the UAB. All 

experiments were conducted in accordance with accepted standards of animal care and 

approved by the Institutional Animal Care and Use Committee of UAB.

Xenogeneic transplantation

100 μL (5x106) of CD24+ or CD24- TP53R273H stably-transfected PC3 cells were 

subcutaneously injected into the left flanks of 8-week-old male NSG mice. After 2 weeks, 

mice were treated every other day with intraperitoneal injections of 100 μL of PRIMA-1 

(100 mg/kg) or PBS for 2 weeks. Tumor size and weight were measured as described 

previously (30, 31).

Statistical analyses

Comparisons between groups were performed using Chi-square or Fisher exact tests for 

categorical data. Logistic regression analyses were performed, and odds ratios (OR) and 

confidence intervals (CI) were used for quantifying differences between groups in IHC 

protein expression. For quantitative data, the distribution of data for each group was 

evaluated using a one-sample Kolmogorov-Smirnov test. In samples with normal 
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distributions, the means of the variables were compared using a two-tailed t test between two 

groups. In samples with non-normal distributions, the medians of the variable between two 

groups were compared using a Mann-Whitney test. One-way analysis of variance (ANOVA) 

or two-way ANOVA were used to test for overall differences followed by Fisher’s protected 

least significant difference (PLSD) test. The Benjamini-Hochberg method was used to adjust 

for false discovery rates. All data were entered into an Access database using Excel 2010 

and analyzed with SPSS (version 20; IBM) and Stat View (version 5.0.1; SAS).

Results

CD24 is a positive marker of tumor progression and metastasis in PCa

Analysis of data cohorts of Grasso et al. (33) and Wallance et al. (34) deposited in 

Oncomine.com revealed that CD24 mRNA is overexpressed in human PCa tissues compared 

with matched normal tissues (6). To substantiate this observation, we analyzed the 

independent data cohorts of Yu et al. (35) and Singh et al. (36) from Oncomine.com and 

validated the overexpression of CD24 mRNA in PCa tissues (Fig. S1A), suggesting that 

CD24 transcripts are likely to be associated with prostate tumorigenesis. Furthermore, to 

investigate changes of CD24 expression in prostate tumor progression, we analyzed the 

Gene Expression Omnibus (GEO) database and found that expression of CD24 is increased 

stepwise in tumor-adjacent normal tissues (1.14-fold change), localized tumor tissues (2.00-

fold), and metastatic tumor tissues (2.33-fold), compared with normal prostate tissues (Fig. 

S1B). To validate our observation, we analyzed an independent dataset stored in The Cancer 

Genome Atlas (TCGA) and found that, in human PCas, expression of CD24 is also 

increased stepwise with increasing TNM tumor stage (T2 vs. T1: 1.43-fold ; T3 vs. T1: 2.03-

fold; T3 vs. T2: 1.43-fold) (Fig. S1C). These data show overexpression of CD24 mRNA in 

human prostate tumors, particularly in high-stage and metastatic tumors.

CD24 expression was determined by IHC in FFPE tissues, including 522 PCa samples, 34 

benign prostatic hyperplasia samples, and 141 normal prostate samples (Table 2). Overall, 

CD24 was expressed in 48% of the PCa tissues but not in benign prostatic hyperplasia or 

normal prostate tissues (Table 2, Fig. 1A and 1B). In particular, PCa cells stained with CD24 

antibody, but tumor-adjacent normal prostate epithelial cells did not stain (Fig. 1A). Notably, 

more CD24 was expressed in the cytoplasm than in the plasma membrane (Fig. 1A and 1B). 

Since intracellular CD24 is likely to be responsible for its oncogenic function (6), 

intracellular CD24 in human PCas was included in our expression analyses. However, we 

also observed nuclear CD24 staining in PC cells in 2.3% of the PCa cases, especially in 

metastatic cases (Table S2 and Figure S2).

To assess the contribution of CD24 to progression of human PCas, the protein expression of 

CD24 was compared with pathological parameters, including tumor stage and grade. CD24 

expression positively correlated with tumor stages in the three sample cohorts: UAB 

(p=0.007), US Biomax (p=0.004), and ISU ABXIS (p=0.038) (Table 2). CD24 expression 

was > 2 times more likely to be present in metastatic tumors than in localized tumors: UAB 

subjects (OR=2.63, 95% CI: 1.34–5.16, p=0.005) and US Biomax subjects (OR=2.37, 95% 

CI=1.27–4.40, p=0.007] (Table 3). Although there was a significant association in CD24 
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expression with tumor grades (Gleason scores) in the UAB cohort (p=0.021), this 

observation was not confirmed in the other two cohorts (Table 2).

CD24 is a partner of mutant p53 protein in tumor progression of PCa

WT p53 proteins are unstable (25), but missense mutant p53 proteins often accumulate at 

high levels in tumor tissues (37). Thus, accumulation in tumor tissues of missense mutants, 

but not WT p53 protein, can be detected by IHC. Most TP53 mutations are missense and 

thus allow production of full-length mutant p53 proteins (38). Thus, as determined in IHC 

analysis, detectable p53 protein expression in tumor cells is essentially from missense 

mutant p53. In the present study, p53 protein accumulation was detected in the nuclei of PCa 

cells. p53 protein was expressed in 16% of the PCa tissues (Table 2), but not in benign 

prostatic hyperplasia or normal prostate tissues. Although p53 expression significantly 

correlated with an increased tumor stage in the ISU ABXIS cohort (p=0.035), no significant 

differences were found in other two cohorts: UAB (p=0.139) and US Biomax (p=0.104) 

(Table 2). Furthermore, in the US Biomax cohort, p53 expression was significantly 

associated with tumor metastasis after adjustment for age (OR=2.27, 95% CI=1.06–4.87, 

p=0.036). Although p53 expression is more than two times likely to be present in tumor 

metastases, no significant association was found in the UAB cohort (OR=2.17, 95% 

CI=0.98–4.82, p=0.056) (Table 3). In addition, p53 expression significantly correlated with 

an increased tumor grade in the UAB cohort (p=0.014), but no significant differences were 

found in other two cohorts, US Biomax (p=0.073) and ISU ABXIS (p=0.371) (Table 2).

To validate the CD24-dependent inactivation of mutant p53 in human PCas, the relationship 

between CD24 and p53 protein expressions were investigated in the three cohorts. Although 

the frequency of p53 expression was less than CD24 expression in all samples, p53 

accumulation was accompanied with CD24 expression in most cases (27/31 in the UAB 

cohort; 32/34 in the US Biomax cohort; and 17/18 in ISU ABXIS cohort) (Fig. 1C and 1D, 

Table S3). Only a few cases showed expression of p53 without CD24, and all of these were 

associated with low-stage tumors (T1-3 or II) (Table S3).

CD24-dependent inactivation of mutant p53 and transcriptional regulation of p53 target 
genes in PCa cells

CD24 mRNA is expressed variably in human PCa cell lines DU145, PC3, and LNCaP 

(Table S4). DU145 expressed the highest levels of CD24 mRNA, whereas LNCaP did not 

express detectable levels. A moderate level of CD24 was observed in PC3 cells. Conversely, 

p53 is a bi-allelic mutant in DU145 cells, null in PC3 cells, and shows WT expression in 

LNCaP cells. Functional analyses identified a CD24-dependent inactivation of mutant p53 in 

PCa cells (6), but this observation is has not been validated for human PCas. Likewise, the 

molecular mechanism of CD24-dependent p53 transcriptional regulation remains undefined. 

In the present investigation, we analyzed microarray data (6) to identify CD24- and p53-

regulated or target genes in DU145 cells. DU145 cells harbor bi-allelic missense mutations 

of TP53 (p53P223L and p53V274F) (42), and both mutants exhibit tumor suppressor activity 

based on cellular context and culture conditions. We first identified the eleven p53 target 

genes (43) that were also downregulated or upregulated after CD24 silencing (Fig. 1E). 

TP53 shRNA was then used to silence mutant TP53 (Fig. 1F) and determine if p53 is 
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required for these CD24-regulated genes. By qPCR analysis, we determined six candidate 

genes that were regulated by CD24 through mutant p53P223L/V274F: CDKN1A, VDR, PML, 

DDIT4, TP53INP1, and GDF15 (Fig. 1G). Although expressions of other p53 target genes, 

such as PLK2, TNFRSF10D, IGFBP3, ANLN, and BCL6, were regulated by CD24, they 

were more likely to be independent of mutant p53P223L/V274F (Fig. 1G).

PC3 cells express a moderate level of CD24 but are p53-null (6). To validate the role of 

CD24 in mutant p53-dependent reactivation, a CD24-overexpressing (CD24+) model was 

established in PC3 cells by transduction with CD24, and a CD24-silenced (CD24−) cell 

model was produced by transduction with shRNA (Fig. 2A). WT TP53 and mutant TP53 
(TP53R175H, TP53R273H, TP53V143A, or TP53R280T) were transfected into CD24+ PC3 cells 

and CD24− PC3 cells (Fig. 2A). Using the two models, we addressed the CD24-dependent 

transcriptional regulation of p53 target genes, such as CDKN1A, VDR, and TP53INP1 (43). 

Although there was no significant difference in expression of CDKN1A, VDR, and 

TP53INP1 between CD24+ PC3 cells and CD24− PC3 cells, the transfections of WT TP53, 

mutants TP53R273H, TP53V143A, and TP53R280T, but not mutant TP53R175H, induced the 

expression of these p53 target genes in CD24− PC3 cells but not in CD24+ PC3 cells (Fig. 

2B). To determine if these genes were upregulated by enhanced p53-binding, quantitative 

ChIP analyses were performed for CD24+ or CD24− TP53-transfected PC3 cells (Fig. S3). 

The binding of WT p53, mutant p53R273H, and part of mutants p53V143A and p53R280T, but 

not mutant p53R175H, in the promoter region of those p53 target genes in CD24− PC3 cells, 

but not in CD24+ PC3 cells, was noted (Fig. 2C). Since CDKN1A is essential for cell cycle 

regulation (44), the effect of CD24-dependent p53 transcriptional regulation on cell cycle 

progression was assessed in PC3 cells. After CD24 silencing, this arrest was observed in 

cells transfected with WT TP53 and mutants TP53R273H and TP53R280T (Fig. 2D and 2E). 

Although partial cell cycle arrest was also seen in TP53V143A-transfected cells, there was no 

change in mutant TP53R175H-transfected cells, regardless of CD24 expression (Fig. 2D and 

2E).

LNCaP cells do not express CD24 but are WT p53 (6). To validate the role of CD24 in 

mutant p53-dependent inactivation, a CD24+ model was generated from CD24− LNCaP 

cells by transduction with CD24 (Fig. S4). WT TP53 and mutant TP53 (TP53R175H and 

TP53R273H) were transfected into CD24+ and CD24− endogenous TP53-silenced LNCaP 

cells (Fig. S4A). With the two models, we confirmed the CD24-dependent transcriptional 

expression and regulation of the p53 target gene CDKN1A in TP53WT and TP53R273H-

transfected cells but not in TP53R175H-transfected cells (Fig. S4B and S4C). Likewise, 

accelerated cell cycle progression was observed in CD24+ cells compared with CD24− cells 

when the cells were transfected with WT TP53 and mutant TP53R273H but not with 

TP53R175H (Fig. S4D and S4E).

To address the CD24-dependent transcriptional regulation of mutant p53 in primary PCas, 

IHC analysis was used with laser capture microdissection to obtain PCa cells from 

CD24−/p53−, CD24+/p53−, CD24−/p53+, and CD24+/p53+ frozen tissues of 21 primary PCa 

samples. The expressions of CDKN1A and TP53INP1 were significantly higher in 

CD24−/p53− and CD24−/p53+ cells compared with those in CD24+/p53− or CD24+/p53+ 

cells, regardless of p53+ expression (Fig. 2F). Although a difference was found in the 
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expression of VDR (Fig. 2F), there was a marginal statistical difference between CD24− 

cells compared with CD24+ cells (p=0.0498).

Silencing of CD24 enhances PRIMA-1-induced restoration of mutant p53 and p53-
dependent cell growth suppression, cell cycle arrest, and apoptosis in PCa cells

PRIMA-1 is a small molecule that induces p53-dependent apoptosis and activates p53 

transcriptional activity in human tumor cells carrying mutant p53, including p53R175H and 

p53R273H (45, 46). To establish the function of CD24 during treatment of cells with 

PRIMA-1 for restoring mutant p53, p53-null PC3 cells with different status of TP53 and 

CD24 were treated with PRIMA-1. An approximately 2-fold induction of CDKN1A 
expression was observed in TP53R175H and TP53R273H-co-transfected CD24+ PC3 cells; in 

TP53R273H-transfected CD24− PC3 cells, this induction was increased >5-fold (Fig. 3A). 

However, no significant difference in CDKN1A expression was found between CD24+ and 

CD24− TP53R175H-transfected PC3 cells (Fig. 3A). Further, we investigated the interaction 

of genetic CD24 silencing with PRIMA-1 treatment during cell proliferation in the mutant 

TP53-transfected PC3 cells. After PRIMA-1 treatment, there was suppression of growth of 

TP53R273H or TP53R175H-transfected CD24+ PC3 cells in vitro (Fig. 3B) and in vivo (Fig. 

3C and 3D). However, after PRIMA-1 treatment, additional growth inhibition was observed 

for TP53R273H-transfected PC3 CD24− cells, but not for TP53R175H-transfected CD24− PC3 

cells (Fig. 3B–D).

DU145 cells overexpress CD24 and also harbor bi-allelic endogenous p53P223L and 

p53V274F (6, 42). Thus, the functional context of CD24 and PRIMA-1 in DU145 cells was 

investigated. Expression of p21 protein, but not CD24 or p53, was induced by PRIMA-1, but 

silencing of CD24 induced p53 expression in DU145 cells (Figure 3E). Notably, in DU145 

cells, silencing of CD24 enhanced PRIMA-1-induced p21 expression (Fig. 3E). In addition, 

the effects of these administrations on p53-denpendent cell cycle arrest and apoptosis were 

addressed in DU145 cells. Either silencing of CD24 or treatment with PRIMA-1 induced 

cell cycle arrest and apoptosis; these effects were enhanced by their combination (Fig. 3F–I).

Discussion

Here, our observation of CD24-dependent mutant p53 inactivation (6) was confirmed for 

human PCa cells. The co-expression of CD24 and mutant p53, frequently found in 

aggressive PCas, was established. Functional analyses demonstrated that silencing of CD24 
induced expression of p53 target genes, such as CDKN1A, VDR, and TP53INP1, through an 

increased binding of mutant p53 to specific p53-response elements on these genes in TP53 
mutant PCa cells. Notably, CD24-denpendent restoration of mutant p53 was validated in 

both endogenous mutant p53 in DU145 cells and transfected mutant p53 in PC3 cells. 

CD24-denpendent mutant p53 restoration was observed in most p53 mutants, especially in a 

commonly occurring, cancer-associated p53R273H, but not in p53R175H. The molecular 

mechanism for the restoration of mutant p53 by silencing of CD24 remains to be elucidated. 

Furthermore, silencing of CD24 increased p53 transcriptional activity, leading to cell cycle 

arrest in most TP53 mutant PCa cells. Of note, silencing of CD24 enhanced the PRIMA-1-

induced restoration of mutant p53 and p53-denpendent inhibition of cell growth, cell cycle 
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arrest, and apoptosis in DU145 cells with TP53P223L/V274F and in TP53R273H-transfected 

PC3 cells.

Co-expression of CD24 and mutant p53 is a characteristic marker for identifying aggressive 

PCas. In the present study, we established, by examination of three public datasets, that 

CD24 mRNA is overexpressed in high-stage and metastatic PCas. We validated the 

expression of CD24 protein in half of human PCas but not in normal prostate or benign 

prostatic hyperplasia (2, 3). We discovered that, in high-stage and metastatic PCas, mutant 

p53 is almost always accompanied with overexpressed CD24. While the mechanism 

underlying a functional interaction of CD24 with mutant p53 in tumor progression remains 

to be understood, their combination could refine the differentiation of patients with 

aggressive PCas, especially metastatic cancers, from patients with indolent PCas. Such 

information could affect the diagnosis and treatment of patients with aggressive PCas. 

Further, although CD24 is mainly expressed on the cytoplasmic membrane and cytoplasm, 

nuclear staining was observed in few cases, especially in metastatic cases. Likewise, CD24 

has been detected in nuclear fractions of DU145 cells (6). Thus, CD24 may interact with p53 

directly in nuclei, but additional studies are required for validation of this possibility.

TP53 is a tumor suppressor gene that is frequently mutated in PCas. In PCa cells, however, 

CD24 is a genetic modifier for restoration of mutant p53. More than 80% of the mutations 

are missense mutations that lead to less p53 transcriptional activity (19–21). Strategies 

targeting p53 have been developed, including gene therapies that restore the function of p53, 

but restoration of mutant p53 has been challenging (48). In the present study, CD24 was 

silenced to release mutant p53 tumor suppression and enhance PRIMA-1-induced 

restoration of mutants of p53. This approach should improve the current therapeutic 

strategies for enhancing restoration of mutant p53 for cancer therapy. However, silencing of 

CD24 does not release or enhance restoration of all mutants of p53, such as p53R175H. These 

observations are expected to be relevant in patient selection for restoration of mutant p53. 

For example, PRIMA-1 has been used for a clinical trial in cancer patients (49). CD24 and 

p53 status may help identify appropriate patients for targeting mutant p53 therapy.

Silencing of CD24 prevents functional inactivation of mutant p53 (6) and, in PCa cells, 

enhances PRIMA-1-induced restoration of mutant p53, especially p53R273H. In particular, 

expression of the p53 target genes CDKN1A, VDR, and TP53INP1 were increased in 

CD24− tumor cells relative to CD24+ tumor cells, except for cells with p53R175H, suggesting 

a functional context of CD24 and mutant p53 in PCa cells. The mechanism underlying the 

interaction of CD24 with mutant p53 remains largely unknown. We recently demonstrated 

that intracellular CD24 competitively inhibits ARF binding to NPM, resulting in decreased 

ARF, increased MDM2, and decreased levels of WT p53 and the p53 target p21/CDKN1A 
(6). The association between CD24 and NPM was most prominent during the metaphase and 

anaphase of mitosis. However, a CD24-mutant p53 interaction could occur transiently during 

mitosis. In the present study, we observed that silencing of CD24 enhanced the PRIMA-1-

induced restoration of mutant p53 and its tumor suppressing function, whereas treatment 

with PRIMA-1 did not change the CD24 expression in DU145 cells. Thus, silencing of 

CD24-induced p53 restoration appears to be independent of PRIMA-1-induced restoration 

of mutant p53. However, in PCa cells, there was a synergistic restoration of mutant p53 by a 
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combination of silencing of CD24 and treatment of PRIMA-1, suggesting a functional 

interaction between the two. In addition, p53R273H is a DNA contact mutant, whereas 

p53R175H is a conformational mutant (50). Our data showed that silencing of CD24 results in 

functional restoration of p53R273H but not p53R175H, suggesting that, during CD24-

dependent restoration of mutant p53, silencing of CD24 influences DNA contact but not the 

conformation of mutant p53.

In conclusion, this is the first characterization of the functional interaction of CD24 and p53 

in human PCas, which enhances understanding of PCa pathogenesis. Our data also suggest 

that a combination of CD24 and p53 may help identify aggressive PCas. In addition, 

targeting of CD24 is expected to improve pharmacological p53-restoring therapies, such as 

PRIMA-1, in patients with TP53 R273H PCas.
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Statement of translational relevance (required)

First, our data indicate that CD24 with mutant p53 is an integrated biomarker to refine 

the stratification of patients with aggressive prostate cancer, especially metastatic prostate 

cancer, from patients with indolent prostate cancer. This will affect the diagnosis and 

treatment of patients with aggressive prostate cancer. Second, TP53 is a tumor suppressor 

gene that is frequently mutated in prostate cancers. More than 80% of the mutations are 

missense mutations that lead to lack of p53 transcriptional activity. Strategies targeting 

p53 have been developed, including gene therapies that restore the function of p53, but 

restoration of mutant p53 has been challenging. In the present study, we silenced CD24 to 

release mutant p53 tumor suppression and enhance PRIMA-1-induced restoration of 

mutant p53 in prostate cancer cells. Our findings provide a promising approach to restore 

mutant p53 function for aggressive prostate cancer therapy.
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Figure 1. 
CD24 and mutant p53 and their regulated gene expressions in human PCa cells. (A) A 

representative histology of PCas shows CD24 staining in PCa cells but no staining in normal 

prostate epithelial cells from the same patient. The red and black arrows indicate PCa cells 

and normal prostate epithelial cells, respectively. (B) A representative CD24 staining of 

TMA PCa samples. (C and D) Representative IHC data showing co-expression of CD24 and 

mutant p53 in primary cancer samples from two representative cases and TMA samples 

from the same case, using monoclonal anti-CD24 and p53 antibodies, respectively. (E) A 

heat-map depiction of alterations in p53 target gene expression in DU145 cells following 

CD24 gene silencing was generated from Affymetrix Human U133 Plus 2.0 microarrays. 

The microarray data were submitted to NCBI GEO (accession No. GSE46708). (F) 

Silencing of CD24 and TP53 by shRNAs was validated by Western blots. (G) The mRNA 

expression of p53 target genes was validated by qPCR. Data are presented as the means and 

SD of triplicates. The relative amounts are expressed as percentages of GAPDH. * p < 0.05 

when CD24 shRNA was compared with scramble control and CD24/TP53 shRNAs (two-

tailed t test). shR, shRNA. All experiments were repeated three times.
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Figure 2. 
CD24-dependent transcriptional regulation of p53 target genes in TP53 mutant human PCa 

cells. (A) Transfection of WT or mutant TP53 was validated by Western blots in CD24+ 

(CD24-transduced) or CD24− (CD24shRNA-transduced) PC3 cells. p53 mutants: p53V143A, 

p53R175H, p53R273H, and p53R280T. (B) The mRNA expression of p53 target genes was 

determined in CD24+ or CD24− PC3 cells by qPCR. The relative amounts are expressed as 

percentages of GAPDH. (C) ChIP analyses show DNA binding of p53 to p53 target genes in 

CD24+ and CD24− PC3 cells. The relative amounts of DNA binding are expressed as 

percentages of total input DNAs. Data are presented as the means and SD of triplicates. * p 
< 0.05, two-tailed t test. (D) After starvation for 48 hours, cell cycle progression in CD24+ 

or CD24− PC3 cells was monitored by propidium iodide staining and flow cytometry at 0 

and 24 hours. (E) Quantitative cell cycle data are presented as the means and SD of 

triplicates. (F) mRNA expression of p53 target genes measured by qPCR in microdissected 

samples with or without CD24 and mutant p53. The relative amounts are expressed as 

percentages of GAPDH. Data are presented as the medians and interquartile ranges. Small 

hollow circles indicate that the data do not follow a normal distribution. * p < 0.05, a Mann-

Whitney test. Scr, scramble; shR, shRNA; WT, wild-type; n, sample size. All experiments 

were repeated three times.
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Figure 3. 
Effect of CD24 in PRIMA-1-induced restoration of mutant p53 and p53-denpendent cell 

growth suppression, cell cycle arrest, and apoptosis. (A) Quantification of CDKN1A 
expression after transfection of scramble, TP53R175H, or TP53R273H with treatment of 

PRIMA-1 in CD24+ and CD24− PC3 cells. The relative amounts are expressed as 

percentages of GAPDH. Data are presented as the means and SD of triplicates. (B) Cell 

proliferation after transfection of scramble, TP53R175H, or TP53R273H with treatment of 

PRIMA-1 in CD24+ or CD24− PC3 cells. Left panel: growth curves of TP53R273H-

transfected PC3 cells. Right panel: growth curves of TP53R175H-transfected PC3 cells. *p 
<0.05, Fisher’s PLSD test. (C) Tumor growth in NSG mice subcutaneously injected with 

TP53R273H-transfected CD24+ or CD24− PC3 cells with or without PRIMA-1. The black 

arrow indicates the starting time of treatment with PBS or PRIMA-1 (every other day for 

two weeks). Data are presented as the means and SD of the tumor volumes; the experiments 

were repeated 2 times. * p < 0.05, Fisher’s PLSD test. n, sample size. (D) Weights of tumors 

at day 28 after injection. Data are presented as the means and SD of the tumor weights. * p < 

0.05, two-tailed t test. (E) p21 and p53 expressions in CD24+ or CD24− (CD24shRNA-

transduced) DU145 cells treated with or without PRIMA-1 for 48 hours were measured by 

Western blots. The DU145 cells carry endogenous mutant p53P223L/V274F. (F) After 
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starvation of cells for 48 hours, cell cycle progression in CD24+ or CD24− DU145 cells was 

determined by propidium iodide staining and flow cytometry at 24 hours. (G) Quantitative 

cell cycle data are presented as the means and SD of triplicates. * p < 0.05 against PBS/Scr 

group, Fisher’s PLSD test. (H) Apoptosis in CD24+ or CD24− DU145 cells was detected by 

Annexin V/7-AAD staining at 5 days after treatment with PRIMA-1. (I) Quantitative 

apoptosis data are presented as the means and SD of triplicates. * p < 0.05 against the 

PBS/Scr group, two-tailed t test. All above in vitro experiments were repeated three times.
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Table 1

Human Subject Characteristics

Groups UAB a US Biomax b ISU ABXIS b

Age years, median (range) 62 (45–89) 69 (20–89) 64 (43–80)

PSA (ng/ml), median (range) 21.8 (1.1–169) 17.5 (0–161) 11.0 (0–135)

Race

 Caucasians 231 - -

 African-Americans 63 - -

 Asians 13 237 151

 Others 2 - -

Tissue Type

 Normal Prostate 106 19 16

 Hyperplasia 22 12 -

 Malignant 181 206 135

Tumor stage (TNM)

 T1-2 68 72 -

 T3 45 56 -

 T4 10 18 -

 N+ or M+ 58 60 -

Tumor stage c

 II - - 76

 III - - 59

Gleason score

 G2-6 45 40 11

 G7 70 67 60

 G8-10 66 94 64

a
Formalin-fixed samples and some frozen samples

b
Formalin-fixed TMA samples

c
II: There is no evidence that the cancer has spread outside the prostate. The tumor involves more tissue within the prostate, can be felt during 

rectal exam, or is found with a biopsy that is performed because of a high PSA level.

III: The cancer has spread outside the prostate to nearby tissues.
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