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Abstract

Backgrounds—p53 is a tumor suppressor that prevents cancer onset and progression, and 

mutations in the p53 gene cause loss of the tumor suppressor function of the protein. The mutant 

p53 protein in tumor cells can form aggregates which contribute to the dominant-negative effect 

over the wild-type p53 protein, causing loss of p53 tumor suppression or gain of novel oncogenic 

functions. Mutations in p53 have been implicated in the pathogenesis of primary prostate cancer 

(PCa), and are often detected in recurrent and metastatic disease. Thus, targeting mutant p53 may 

constitute an alternative therapeutic strategy for advanced PCa for which there are no other viable 

options.

Methods—In this study, we used immunoprecipitation, immunoflurorenscence, clonogic survival 

and cell proliferation assays, flow cytometric analysis and in vivo xenograft to investigate the 

biological effects of ReACp53, a cell-permeable peptide inhibitor of p53 aggregation, on mutant 

p53-carrying PCa cells.

Results—Our results show that ReACp53 targets amyloid aggregates of mutant p53 protein and 

restores the p53 nuclear function as transcriptional factor, induces mitochondrial cell death and 

reduces DNA synthesis of mutant p53-carrying PCa cells; ReACp53 also inhibits xenograft tumor 

growth in vivo.
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Conclusions—The data presented here suggest a therapeutic potential of targeting mutant p53 

protein in advanced PCa setting, which has a clinical impact for aggressive PCa with transforming 

how such tumors are managed.
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Introduction

Prostate Cancer (PCa) is the most commonly diagnosed non-cutaneous malignancy in men 

and the second leading cause of cancer death in the United States [1]. When the tumor is low 

grade and organ-confined, surgery or radiation therapy is curative. For advanced and 

metastatic tumors as well as for recurrent tumors after local therapy, the treatment of choice 

is hormonal therapy by inhibition of androgen production or block of androgen receptor 

(AR) function. Although initially hormonal therapy relieves symptons and disease 

progression in nearly all patients, the tumor eventually recurs and progresses to become 

castration-resistant PCa (CRPC). CRPC is characterized by continued AR activation, PSA 

(prostate-specific antigen) production and tumor growth in an androgen-deprived 

environment. Although p53 mutations are relatively uncommon in untreated prostatic 

adenocarcinoma, they are present in about 40% of CRPC and in 70% of small cell 

neuroendocrine prostate cancer (SCNC), a more aggressive type of CRPC, suggesting a 

possible involvement of p53 mutation with disease progression [2, 3].

The p53 protein plays essential roles in cells by integrating and regulating multiple signals 

and ensuring adequate temporal and spatial responses to stresses. Mutation of p53 is one of 

the common genetic events detected in half of all human tumors. Studies have revealed that 

p53 mutation significantly correlates with disease progression, resistance to cancer 

treatments and worse clinical outcomes of cancer patients [4–7].

p53 can interact with various binding partners, this flexible nature of p53 allows p53 to 

regulate different cellular processes such as apoptosis, DNA repair, cell cycle arrest and 

metabolism[8–10]. Mutant p53 typically loses its wild-type (WT) functions and may exert a 

dominant-negative effect over the remaining WT p53 allele[11]. Functional loss of p53 may 

result from the inability of mutant p53 to bind DNA, while gain of function can arise from 

an altered mutant p53 interactome[12]. More recently, mutations in p53 were shown to favor 

the protein aggregation, which in turn result in protein sequestration and/or inactivation [9, 

13, 14]. Studies further suggest that the dominant-negative effect and gain-of-functions of 

mutant p53 can occur via oligomerization and co-aggregation of mutant p53 with WT p53 

and other proteins in the p53 pathway, such as p63 and p73[15, 16].

Protein aggregation is implicated in many human diseases[14, 17, 18]. Accumulating 

evidence have demonstrated that WT or mutant p53 could form amyloid-like aggregates in 

cancer cells, and that formation of p53 protein aggregates may participate in 

carcinogenesis[9, 19–21]. Several portions of the p53 protein have been predicted in silico or 

shown experimentally to be involved in aggregate formation, including the N-terminal 
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domain, the DNA-binding domain and the C-terminal tetramerization domain [13, 22–24]. 

While full-length p53 is likely to aggregate in vitro using any number of its aggregation-

prone regions, in vivo it is conceivable that, due to partial unfolding and interaction with 

binding partners, only a subset of these segments is available and solvent-exposed at any 

given time and thus promotes aggregation[13]. Among these, amino acids 251–258 within 

the DNA binding domain has been pinpointed as important for p53 aggregation in cells and 

in vivo[15]. Of interest, a recent study showed that ReACp53, a therapeutic cell-penetrating 

peptide designed to interfere with the aggregation of the 252–258 segment of mutant p53 

protein, has anti-cancer properties in vitro and in vivo in ovarian cancer models[25].

In this study, we tested the potential therapeutic effect of ReACp53 in CRPC cells 

expressing mutant p53 protein. Our results showed that treatment with ReACp53 can change 

the aggregation status of mutant p53, resulting in promoted p53-Bax interaction with 

consequent mitochondrial cell death in CRPC cells. ReACp53 treatment also inhibits 

xenograft tumor growth of CWRR1, a CRPC cell line that express mutant p53 protein, but 

has less effect on xenograft tumor growth of C4–2 cells that harbor WT p53. The results 

suggest a potential of targeting mutant p53 in advanced PCa as a treatment strategy that can 

transform the treatment landscape for PCa, which may benefit many PCa patients who have 

no other options.

Materials and Methods

Reagents and Cell line

Mutant p53 aggregation inhibitor, ReACp53, and a sequence-scrambled control peptide 

(SCR) were kindly provided by Dr. Soragni (UCLA)[25]. The human prostate cancer cell 

lines DU145 and PC-3 were from American Type Tissue Collection (Manassas, VA), which 

has provided certifications of analysis for karyotyping and short tandem repeat (STR) 

profiling. CWRR1 and LNCaP-derived C4–2 were kindly provided by Drs. Tindall and E. 

Wilson[26]. Engineered PC-3 cells and C4–2 cells with expressions of wild-type p53 or 

mutant p53 (p53R175His and p53P223Leu) were generated as reported in our previous 

study[27]. CWRR1, DU145 and C4–2 cells were grown in RPMI-1640 medium 

supplemented with 10% FBS; PC-3 cells were grown in Ham’s F12K medium with 2 mM 

L-glutamine, 1.5 g/L sodium bicarbonate and 10% FBS. All cell lines were tested negative 

for mycoplasma contamination using a Cell Culture Contamination Detection Kit 

(ThermoFisher Scientific).

p53 stability/aggregation experiment

For SDS-resistance assay, log phase growing cells were pelleted and resuspended in cold 

Pierce IP Lysis Buffer (Thermo Fisher) freshly supplemented with 2× HALT protease and 

phosphatase inhibitor (Thermo Fisher). After incubation on ice for 30 minutes and cleared 

by centrifugation, 200 μg of native lysates were brought to a 500 μl volume in IP buffer and 

heated at 42°C in the presence of vehicle, SCR or 20 μM ReACp53 for 10 minutes, followed 

by a 30 minute incubation on ice. The protein samples were used for Immunoprecipitations 

with 5 μg of PAb240 antibody (Santa Cruz Biotech) at 4°C overnight, and analyzed with 

15% SDS-PAGE gel electrophoresis and immunoblotting with anti-p53/DO-1 antibody[25].
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For p53 stability, 200 μg of cell lysate in RIPA buffer was immunoprecipitated with 2 μg of 

anti-p53/DO-1 antibody. The immunoprecipitated complexes were purified with Pierce 

Direct Magnetic IP/Co-IP kit (Pierce) and analyzed with western blot.

Western blot analysis

Cells were lysed in HALT inhibitor-containing RIPA buffer with mild sonication for 

indicated western blot assays. The mitochondrial fraction was prepared from cell pellets 

utilizing a reagent-based method per manufacturer’s instruction (Mitochondria Isolation Kit; 

Pierce), and lysed in RIPA buffer and analyzed with Western blot as previously reported[27]. 

Antibodies were from Santa Cruz Biotech (p53/DO-1, Bax/N-20, PCNA/PC10 and p21/

C-19), Calbiochem (Mdm2/Ab3), abcam (ubiquitin/ab7780, HSP90/AC88 and cyclin E/

ab33911), Dako-Agilent (AR/AR441) and Sigma-Aldrich (Cyclin A/C4710). Anti-β-actin 

(abcam, ab8227) was included for equivalent protein loading.

Assay of mitochondrial membrane potential (MMP)

Cells were treated for 72 hours with 10 μM ReACp53 or 10 μM SCR, or DMSO as control, 

and 1 × 106 cells were collected for MMP analysis by JC-1 staining according to 

manufacturer instruction (MitoProbe JC-1 Assay kit, Life technologies).

Cell proliferation and clonogenic survival assays

Cell proliferation and viability assay was performed with using MTS Cell Proliferation 

Colorimetric Assay Kit (Biovision) per manufacturer’s instruction. Briefly, 1000 cells/well 

were plated into 96-well plate and incubated overnight. Cells were then treated with 

indicated chemicals for 72 hours. After incubation with MTS Reagent for one hour, the 

soluble formazan was measured as the absorbance at 490 nm using a SpectraMax M3 reader, 

and data acquisition and analysis were performed with SoftMax Pro 6 software (Molecular 

Devices).

For clonogenic survival assay, 500 cells were plated in 60 mm dish, and were exposure to 10 

μM of ReACp53 or SCR, or PBS as control, for 72 hours. Cells were then maintained in 

fresh culture medium for 7–10 days. Formed cell colonies were stained with crystal violet, 

and colonies consisting of >50 cells were considered as surviving colonies. Average 

numbers for surviving colonies were plotted versus control to determine clonogenic survival 

fractions for each treatment. In the experiments for combination treatment of ReACp53 and 

Androgen deprivation (ADT), cells were pretreated with 10 μM ReACp53 for 72 hours, and 

500 cells were then plated in 60 mm dish and cultured in ReACp53-containing RPMI-1640 

medium supplied with 10% of Dextran-stripped FBS (Denville).

BrdU (bromodeoxyuridine) incorporation assay

8×104 log phase cells were plated in 6-well plate overnight. Cells were then treated with 10 

μM ReACp53 or 10 μM SCR, or DMSO as control, for 72 hours. 10 μmol/L BrdU (BD 

Biosciences) was added 2 hours before collection. The percentage of BrdU incorporation 

was analyzed with flow cytometric analysis per the manufacturer’s instruction (BD FITC 

BrdU Flow Kit).
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Immunofluorescence analysis

Cells grown on glass slide were labelled with 100 nM of MitoTracker® probes (Mitotracker 

Green/Red FM, Invitrogen) for thirty minutes before cell collection, and were then fixed 

with 2% paraformaldehyde (Fisher Scientific). Immunofluorescence staining were 

performed with anti-p53 (DO-1) or PAb240 antibodies (EMD Millipore). Images were 

acquired with LSM 510 confocal microscope (Zeiss) with 40× objective (oil) and processed 

by Photoshop (Adobe).

RNA extraction and quantitative real-time PCR

Total RNA was extracted using RNeasy mini kits (Qiagen). The PrimeScript RT Master Mix 

(Takara) was used for cDNA synthesis. Quantitative real-time PCR (qRT-PCR) was 

performed on ABI 7500 (Applied Biosystems) using SYBR Green PCR Master Mix (Quanta 

Biosciences). The primers used in the assays are listed in supplementary table.

Xenograft Tumor Growth Assay and Immunohistochemistry

All animal work was conducted in accordance with the NIH Guidelines of Care and Use of 

Laboratory Animals and approved by Duke Institutional Animal Care and Use Committee 

(IACUC/A092-16-04). Immunocompromised NSG (NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ) mice 

were from The Jackson Laboratories. 2×106 CWRR1 or C4–2 cells in 0.1ml 1× HBSS with 

50% Matrigel (Corning) were inoculated subcutaneously into the right thigh of 6–8 weeks 

old male NSG mouse. When tumor volumes reached a size of 50–100 mm3 (approx. day 7 

after inoculation), mice were randomly grouped into 3 groups (n=4) that received treatments 

of PBS (0.2ml), ReACp53 (15 mg/kg) or SCR (15 mg/kg) with intraperitoneal (IP) 

injections every 48 hours for two weeks. Tumors were measured every three days and tumor 

volumes were determined from caliper measurements of tumor length (L) and width (W) 

according to the formula (L×W2)/2.

Xenograft tumor were collected and paraffin-embedded for immunohistochemistry analysis.

Statistical Analyses

Statistical analyses were performed using Student’s t-test. A p-value <0.05 was considered 

as significant.

Results

ReACp53 acts on stability and aggregates of mutant p53 protein in PCa cells

We first tested the potential effect of mutant p53 expression on the response of CRPC cells 

to the treatment of Enzalutamide (ENZA), a newer agent targeting AR signaling approved 

by FDA as a standard therapeutic regimen for the treatment of castration-resistant PCa 

(CRPC) that is no longer responding to the first line androgen deprivation therapy (ADT). In 

this study, we engineeringly expressed mutant p53 of p53 P223L and p53 R175H, two hot spot 

mutations of p53 occuring in nearly 2% of cancer cells [28] in C4–2 cells that carry wild-

type p53 [29], and then treated these cells with ENZA. Our results showed that expression of 

mutant p53 in C4–2 cells dramatically increased IC50 of ENZA (from 9.74 μM for control 

C4–2 cells to 26.36 μM for C4–2/p53R175H and 28.85 μM for C4–2/p53P223L cells, 
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respectively) (figure 1A), suggesting that expression of mutant p53 protein may cause 

treatment resistance in PCa cells. Of interest, while no changes were observed in AR 

expression, we noticed that expression of p53 R175H in C4–2 cells increased PSA production 

while p53 P223L showed no such effect on PSA level (supplemental figure A), suggesting 

that different mutants of p53 may have diversity on regulating AR signaling and thus 

differently affect the PCa progression.

We next tested the biological effects of ReACp53 on PCa cells expressing WT p53 or mutant 

p53. In these experiments, we used DU145 cells which contains two mutant p53 alleles 

(P223L and V274F) [30, 31], PCa CWR22-derived castration-resistant CWRR1 cells 

bearing mutations of p53 in exon 8 (R273H) and exon 9 (Q331R)[31], and PCa LNCaP-

derived androgen-independent C4–2 cells carrying wild-type p53 [29].

We used a SDS-resistance assay[25] to determine the effect of ReACp53 on protein 

aggregation formed with mutant p53. As shown in figure 1B, we found that the presence of 

20 μM ReACp53 in native cell lysates during heating at 42°C could remarkably reduce SDS-

resistant p53 aggregate formation in DU145 and CWRR1 cells. However, no such effect was 

observed for C4–2 cells, although slight change was also observed in C4–2 cells which 

indicates the nature of WT p53 can also form aggregates and the drug could also impact WT 

p53 funtion in live cancer cells. These results indicate ReACp53 can target the mutant p53 

aggregates in PCa cells.

In dose-dependence analyses using trypan blue exclusion assay, we detected dramatically 

decreased cell viabilities of CWRR1 and DU145 cells when cells were treated with 10 μM 

ReACp53 for 72 hours. However, ReACp53 treatment did not show similar effects for C4–2 

cells or PC-3 cells, a more aggressive CRPC cell model but expressing no p53 [32] (figure 

1C).

To test the potential effects of ReACp53 on p53 protein expression and stability, we 

determined the change in protein level and the potential ubiquintination of p53 in cells after 

exposure to ReACp53. Our results showed that ReACp53 treatment resulted in decreased 

p53 protein level in DU145 and CWRR1 cells, but not in C4–2 cells. As controls, treatment 

with scrambled (SCR) peptide (10 μM) or PBS showed no obvious effects on change of p53 

protein level in all three cell lines (figure 1D). Immunoprecipitation (IP) assay further 

showed that exposure to 10 μM ReACp53 for 72 hours induced p53 ubiquintination in 

CWRR1 cells (figure 1E). These results thus indicate that, consistent with previous 

observations in ovarian cancer cells[25], ReACp53 acts on the protein aggregation and 

stability of mutant p53 in PCa cells.

In normal unstressed cells, rapid degradation of WT p53 is tightly associated with the 

ubiquitin ligase Mdm2. Mdm2 can also drive the degradation of mutant p53, which indicates 

that the mutant p53 proteins are not intrinsically resistant to Mdm2-associated degradation, 

although in tumor cells this regulation is disrupted because p53-dependent transcription of 

Mdm2 is inhibited by the loss-of-function of mutant p53 or by the dominant-negative effect 

of mutant p53 over WT p53[12]. Of interest, we detected Mdm2 protein in p53-

immunoprecipitated cell lysates prepared from ReACp53-treated CWRR1 cells; however, 
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we also noticed that ReACp53 treatment did not change the protein expression of Mdm2 

(figure 1E). These results suggest that ReACp53 could affect the physical interaction of 

mutant p53 protein with Mdm2 when cells are exposed to ReACp53.

The binding studies using p53 truncation mutants have shown that the minimum p53 binding 

site for Mdm2 can be mapped to the first 50 amino acids of p53 or specifically, a segment 

between amino acids 18 and 23 [33]. The necessity for an intact p53 tetramerization domain 

for rapid binding to Mdm2 was also identified[34]. In addition, studies have revealed that 

several posttranslational modifications of mutant p53 can promote Mdm2-mediated 

degradation of p53 protein [35]. It is thus suggested that the interaction of Mdm2 and p53 

protein is conformation-sensitive, and amyloid aggregation of mutant p53 protein may block 

the proper docking sites of Mdm2-p53 complex. To this setting, we hypothesized that the 

conformational change of amyloid aggregated mutant p53 protein induced by ReACp53 

treatment could also affect the interaction of p53 with other molecules. Indeed, IP assay 

showed that ReACp53 treatment also increased the protein association of mutant p53 with 

Bax in CWRR1 cells. Interestingly, ReACp53 treatment had no obvious effect on the 

association of WT p53 with Bax (figure 1E).

ReACp53 induces mitochondrial cell death in PCa cells carrying mutant p53 protein

p53 protein can promote an apoptotic cell death of cancer cells not only through target gene 

activation in the nucleus but also through direct physical interaction of p53 with 

antiapoptotic Bcl-2 family proteins[12, 36]. For example, activation of Bax by p53 can 

initiate mitochondrial apoptosis[27, 36]. The evidence showing that treatment with 

ReACp53 increases the protein-protein association of Bax and mutant p53 thus leads to a 

hypothesis that exposure to ReACp53 can initiate the mitochondrial proapoptotic signaling 

in cancer cells bearing mutant p53 protein.

To test this, we determined the potential effects of ReACp53 on mitochondrial 

accumulations of p53 and Bax proteins in PCa cells. For this, we isolated the mitochonrial 

fractions (supplemental figure B) from cells treated with or without ReACp53 (10 μM for 48 

hours). Western blot results showed that ReACp53 treatment induced mitochondrial 

accumulations of p53 and Bax in CWRR1 cells (figure 2A). Immunoflurorescence staining 

with DO-1 antibody, which recognizes both WT and mutant p53, also revealed that, while 

p53 was detected mainly in the nucleus of untreated cells, ReACp53 was able to induce 

obvious p53 mitochondrial staining in a cell population of near 17% in CWRR1 cells (figure 

2B). However, in C4–2 cells, p53 staining with DO-1 antibody was barely detectable, and no 

mitochondrial staining was found when cells were treated with ReACp53 (supplemental 

figure C).

We next examined the mitochondrial membrane potential (MMP) in these PCa cells. The 

flow cytometry results showed that exposure to 10 μM ReACp53 for 48 hours caused an 

increase of MMP from 5.74±0.47 to 19.20±1.40 (%, p=0.0001) in CWRR1 cells (figure 2C). 

Although ReACp53 treatment also increased MMP percentage from 0.82±0.48 to 3.22±0.36 

in C4–2 cells, the difference was not statistically significant (figure 2C). Clonogenic survival 

analysis further revealed that ReACp53 treatment reduced clonogenic survival of CWRR1 

(to percentage of 31.2±2.19, p=0.0001) and DU145 cells (to percentage of 64.2±6.32, 
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p=0.0011) cells. However, no such cell killing effect was observed in clonogenic survival 

analysis for C4–2 cells (figure 2D and supplemental figure D).

In p53-null PC-3 cells with engineered p53 expression, we also detected that treatment with 

ReACp53 increased MMP % (from 4.03±0.26 to 13.08±0.25, p=0.0007) in cells that express 

mutant p53 (p53223Leu). However, no such changes were observed in parental PC-3 or PC-3 

cells expressing WT p53 (figure 2E). Consistent with these MMP changes, similar 

regulatory effects of ReACp53 on clonogenic survival were also observed in engineered 

PC-3 cells: ReACp53 treatment decreased clonogenic survival of PC-3/p53223Leu and 

PC-3/p53175His cells, but did not change the clonogenic survival of PC-3/WT p53 or parental 

PC-3 cells (figure 2F). In addition, IF staining with DO-1 antibody also showed that 

exposure to ReACp53 induced mitochondrial translocation of p53 protein only in PC-3 cells 

that express engineered p53223Leu, but not in PC-3 cells expressing WT p53 (figure 2G). 

These results thus suggest that ReACp53 treatment can cause conformational change of 

aggregated mutant p53 protein and increase the association of p53 protein with Bcl-2 family 

proteins which leads to mitochondrial apoptosis in PCa cells carrying mutant p53 protein.

ReACp53 treatment reduces DNA synthesis and inhibits cell proliferation of PCa cells 
expressing WT or mutant p53 protein

The data shown above demonstrated the inhibitory effect of ReACp53 on cell survival of 

mutant p53-carrying PCa cells. Of interest, however, we also observed that continuous 

exposure to 10 μM ReACp53 could inhibit cell proliferation for both C4–2 and CWRR1 

cells (figure 3A). In addition, flow cytometry analysis revealed that, while exposure to SCR 

for 48 hour slightly reduced the BrdU incorporation rates, treatment with 10 μM ReACp53 

caused remarkable decreases of BrdU incorporation in C4–2, CWRR1 and DU145 cells 

(figure 3B and supplemental figure E). These results indicate that treatment with ReACp53 

may act on DNA synthesis of PCa cells, regardless of p53 mutation status.

Dysregulated cell cycle control, including unchecked process of DNA synthesis, is a 

fundamental feature of cancer cells. In eukaryotic cells, the transition through the G1 to S 

phase or the transition of the S to G2 phase are tightly controlled by several cell cycle 

checkpoints, and the kinase activity of Cdk/cyclin complexes and stability of p21, a 

transcriptional target of p53[37], play vital roles in these processes [38]. We found in our 

study that exposure to ReACp53 elevated p21 protein level significantly in CWRR1 cells 

and slightly in DU145 and C4–2 cells (figure 3C). ReACp53 treatment also slightly reduced 

protein level of cyclin E in these cells, but had no effect on cyclin A expression (figure 3C). 

We also noticed that exposure to ReACp53 increased p21 transcript level in both C4–2 and 

CWRR1 cells (figure 3D). These results suggest that ReACp53 treatment may restore the 

nuclear function of p53 in CWRR1 and DU145 cells, or enhances p53 transcriptional 

activity in C4–2 cells, resulting in reduced transit of cell cycling from G1 to S. Indeed, the 

IF immunostaining showed that when cells were stained with PAb240, a conformation-

specific antibody that binds only to inactive mutant-like p53, mutant p53 localized to the 

cytosol and was barely detectable in nuclear in untreated or SCR-treated CWRR1 cells, but 

in ReACp53-treated cells, a portion of cells (around 30%) were observed with p53 nucleus 
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staining, indicating that ReACp53 can restore p53 to an active conformation and induce 

nulear localization (figure 3E).

Therapeutic potential of ReACp53 on PCa

We further tested the therapeutic potential of ReACp53 on PCa. We performed in vivo tumor 

growth assay with established mouse xenografts of CWRR1 and C4–2 cells. Our results 

showed that ReACp53 treatment remarkably suppressed the tumor growth of CWRR1-

derived, not C4–2-derived xenograft tumors (figure 4A and B, and supplemental figure F). 

IHC staining showed that: DO-1 antibody-stained p53 protein located in nucleus of 

xenograft tumor cells, and ReACp53 treatment led to decreased p53 staining only in 

CWRR1-derived xenograft tumor tissues; Although PAb240 detects both WT and mutant 

p53 in fixed tissues under denaturation conditions, we barely detected PAb240-stained p53 

in C4–2-derived xenograft tumor cells. p53 staining could be detected as puncta in the 

cytosol of CWRR1-derived xenograft tumor cells, and, in ReACp53-treated xenograft tumor, 

we observed a portion of tumor cells showing nuclear p53 staining with reduced number of 

cells with cytosol puncta (figure 4C). We also noticed that ReACp53 treatment reduced Ki67 

labeling index, a proliferative biomarker, in tumor cells of xenografts derived from C4–2 and 

CWRR1 cells. Of interest, we detected increased nuclear staining of p21 in ReACp53-

treated xenograft tumors for both C4–2 and CWRR1(figure 4C).

ReACp53 increases sensitivity of PCa cells to hormonal therapy and AR-signaling 
targeting therapy

To test whether the observed effects of ReACp53 targeting mutant p53 could also affect the 

responses of PCa cells to the commonly used treatments for PCa, we used clonogenic 

survival assay to determine the responses of engineered C4–2 cells to combination treatment 

of ReACp53 and ENZA. In this study, we used C4–2 cells with overexpression of p53P223L 

because our results showed p53P223L expression caused more significant resistance to ENZA 

treatment in C4–2 cells (figure 1A). We found in this experiment that exposure to ReACp53 

increased the sensitivity of C4–2 cells with engineered expression of p53P223L to the 

treatment of ENZA, however, no such effect was observed for control C4–2 cells (figure 

5A). We also tested the inhibitory effects of ReACp53 on cell clonogenic survival of 

CWRR1 and C4–2 cells, and found that ReACp53 pretreatment decreased clonogenic cell 

survial of CWRR1 cells but not C4–2 cells when cells were undergoing ADT (figure 5B). 

These results suggest a potential of ReACp53 sensitizing the mutant p53-bearing PCa cells 

to antiandrogen therapy. Indeed, we detected a slight decrease of AR protein level in 

cultured CWRR1 cells and in CWRR1-derived xenograft tumor cells after ReACp53 

treatment, although no change of PSA was observed because CWRR1 cells lack PSA protein 

expression (figure 5C and 5D). In C4–2 cells, however, we found ReACp53 treatment 

decreased transcript level of PSA (figure 5E). These observations indicate that ReACp53 

may also affect the AR expression through restored p53 function of the mutant p53 [39], or 

through the “off target” pathway, in PCa cells.
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Discussion

Germline or somatic mutations occur constantly in the human body and contribute to not 

only cancer development but also disease progression[40, 41]. Numerous genetic alterations, 

such as mutation in TP53, SPOP and FOXA1, gene copy number alteration of MYC, RB1 

and PTEN, and DNA structural rearreangment of E26 transformation-specific fusions, have 

been identified in primary PCa[2, 3]. Clinical studies further revealed that some genetic 

alterations in primary PCa can predict recurrence/relapse of the disease [42]. Recently, a 

multi-institutional clinical sequencing study [3]conducted prospective whole-exome and 

transcriptome sequencing of tumor biopsies from advanced PCa patients (mCRPC), and the 

results showed 90% of mCRPC patients harbor clinically actionable pathogenic germline or 

somatic gene alterations. The genetic landscape discovered in this study included gene 

signatures previsously identified in PCa and new genomic alterasions such as PIK3CA/B, 

APC, R-spondin and ZBTB16/PLZF. Of interest, TP53 aberration is not only one of the 

genetic events with highest frequency in mCRPC, but also appears to be enriched in mCRPC 

compared to primary PCa. Similar results were also reported in other studies [43, 44].

p53 alterations are less common in PCa than in other cancers [5]. However, p53 nuclear 

overexpression, a surrogate marker of p53 mutation, as measured by IHC staining, has been 

found to correlate with poor prognosis in primary PCa[45, 46]. Our previous studies have 

demonstrated that pathogenesis of SCNC involves the inactivation of the p53 pathway as a 

fundamental molecular change [47]. In addition, studies have also revealed that AR gene 

amplification or AR regulatory effects on its target genes might associate with p53 mutation, 

or inactivation, in a subset of CRPC, or hormone-refractory PCa[39, 48]. These findings 

indicate the importance of p53 mutation in the development of therapeutic failure for PCa, 

and may also suggest a novel strategy of targeting this molecular alteration for the treatment 

of aggressive PCa.

ReACp53 is a peptide designed to cap the specific exposed aggregation-prone sequence, 

centered on Ile254, fused with a cell-penetrating polyarginine tag[25]. Studies have revealed 

that ReACp53 can readily affect the stabilization and the nuclear localization of mutant p53 

protein, and re-activate normal p53 transcriptional activity in p53 mutant ovarian cancer 

cells, resulting in regulation of protein expression of p53-target genes and interaction of 

mutant p53 with p53 homologs of p63/p73, increasing apoptotic cell death and reducing cell 

viability, and inhibiting xenograft tumor growth of p53-mutant tumors; targeting mutant p53 

could sensitize lung cancer cells carring mutant p53 to cisplatin treatment[25, 49]. Of 

interest, ReACp53 has also been reported to affect cancer cells survival of cells expressing 

WT p53[50].

In this study, we present evidence showing that ReACp53 treatment can act on mutant p53 

aggregation, leading to a conformational change of p53 protein which promotes the 

association of mutant p53 with protein factors that are important for p53 function and 

stability. As the results of such change, we found that treatment with ReACp53 enhanced the 

association of mutant p53 with Bax protein and induced mitochondrial cell death; or restored 

the nuclear function of p53 as a tumor suppressor to regulate gene expressions of cell cycle-

related proteins such as p21 and cyclin E with consequences on the transit of cell cycling 
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from G1 to S; exposure to ReACp53 could also downregulate AR expression and change the 

response of cancer cells to the ADT treatment in PCa cells bearing mutant p53 (figure 5E). 

Of interest, we noticed that ReACp53 showed slight effects on the expression of cell cycle-

related genes and on DNA synthesis of CRPC cells that express WT p53, suggesting a 

potential of ReACp53 may target the misfolding or amyloid assembly of WT p53 that 

prevent its normal function [19]. Our results further revealed the inhibitory effect of 

ReACp53 on tumor growth of PCa xenografts. These observations indicate a potential of 

ReACp53 to act as a single agent or combination with antiandrogen drugs for the clinical 

management of advanced PCa, and this novel therapeutic strategy may benefit the patients 

who are undergoing or failed conventional hormonal therapies.

In conclusion, our data demonstrated that ReACp53 targets amyloid aggregation of and 

restores the nuclear function of mutant p53, leading to inhibition of cancer cell proliferation. 

Of interest, our results revealed that ReACp53 treatment also changed response of CRPC 

cells bearing mutant p53 to AR-targeting therapy. We thus presume that ReACp53 treatment 

may also have “off target” effects on cancer cell survial, and this needs to be further studied. 

Nevertherless, the results presented here indicate a potential of ReACp53 as a single 

therapeutic regimen that could be applied to the treatment of advanced PCa. Additional 

research along this direction may eventually establish novel, p53 mutation-targeting 

treatment strategies that can benefit a large portion of advanced PCa (CRPC and SCNC) 

patients.
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Figure 1: 
Effects of ReACp53 on p53 aggregates and stability in PCa. A. Engineered expression of 

mutant p53 induces ENZA-resistance in PCa C4–2 cells. Left: Western blot showing 

expression of p53R175H and p53P223L in C4–2 cells. Right: Graphs showing the change of 

IC50 for ENZA in engineered C4–2 cells; B. SDS-resistance assay showing ReACp53 

reduces the aggregate formation of mutant p53 protein in PCa cells; C. Graphs showing the 

ReACp53 treatment decreases cell vialility of mutant p53-bearing PCa cells; D. Western blot 

analysis showing treatment of ReACp53 downregulates p53 protein levels in DU145 and 

CWRR1 cells, but not in C4–2 cells; E. Immunoprecipitation assays showing the exposure to 

ReACp53 induces ubiquintination of mutant p53 and increases protein interactions of 

mutant p53 with Mdm2 and Bax in CWRR1 cells. Western blot analysis for input cell 

lysates showing the negative regulation effect of ReACp53 treatment on protein expression 

of Mdm2 in PCa cells. Data represent the average of three independent experiments. Error 

bars indicate standard deviation. * indicates statistical significance (p<0.05).
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Figure 2: 
ReACp53 induces p53-mediated mitochondrial cell death of PCa cells carrying mutant p53 

protein. A. Western blot analysis showing ReACp53 treatment induces mitochondrial 

accumulation of p53 and Bax in CWRR1 cells. Mt-HSP90 was included as a loading control 

for mitochondrial fraction protein; B. Immunofluorence analysis showing the accumulation 

of mutant p53 protein in mitochondria in CWRR1 cells treated with ReACp53. 

Mitochondria was labeled with Mito-Green FM, p53 (DO-1) was labeled with Alexa Fluro 

594; C. ReACp53 induces MMP in CWRR1 cells, but not in C4–2 cells. Left: representative 

results of flow cytometry for MMP detection; Right: Graphs showing the effects of 

ReACp53 treatment on changing of MMP in CWRR1 and C4–2 cells; D. Clonogenic 

survival assay showing ReACp53 treatment reduced the clonogenic survival of CWRR1 

cells; E. Graphs showing the effects of ReACp53 on MMP in PC-3 cells with engineered 

expressions of WT or mutant p53; F. ReACp53 inhibits clonogenic cell survival of PC-3 

cells with expression of mutant p53 (p53223L or p53175H), but had no effect on MMP in 

parental PC-3 cells or PC-3 cells expressing WTp53. Western blot showing the engineered 

expressions of different types of p53 in PC-3 cells Data represent the average of three 

independent experiments. Error bar indicates standard deviation. Arrows indicate p53 

mitochondrial staining; G. Representative images showing ReACp53 induces mitochondrial 

accumulation of mutant p53223L in PC-3 cells. Mitochondria was labeled with Mito-Red 

FM, p53 (DO-1) was labeled with Alexa Fluro 488. Cells were treated with 10 μM of 

ReACp53 for 48 hours.
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Figure 3. 
ReACp53 restores nuclear function of mutant p53 and inhibits DNA synthesis of PCa cells. 

A. Cell proliferation assays showing the effects of continuous exposure to 10 μM of 

ReACp53 on cancer cell proliferations of C4–2 (left) and CWRR1 (right) cells; B. BrdU 

incorporation assay showing ReACp53 treatment decreases DNA synthesis of C4–2, 

CWRR1 and DU145 cells; C. Western blot analyses showing the ReACp53 treatment 

increases protein expression of p21 and reduces Cyclin E expression in PCa cells; D. Graphs 

showing ReACp53 treatment increases p21 transcripts in C4–2 and CWRR1 cells; E. 

Immunofluorence analysis showing the nuclear accumulation of mutant p53 protein in 

CWRR1 cells induced by ReACp53 treatment. Nuclear was stained with DAPI, 

mitochondria was labeled with Mito-Green FM, mutant p53 (PAb240) was labeled with 

Alexa Fluro 594. Data represent the average of three independent experiments. Error bars 

represent standard deviation. Arrows indicate p53 nuclear staining.
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Figure 4. 
ReACp53 inhibits tumor growth of PCa xenografts. A. ReACp53 treatment inhibits tumor 

growth of mouse xenograft derived from CWRR1 cells, but not from C4–2 cells. The growth 

curves represent the average values for 4 xenograft tumors in each group. Error bars 

represent standard deviation. * indicates statistical significance (p<0.05); B. H&E staining of 

xenograft tumors; C. IHC staining showing the effect of ReACp53 treatment on expressions 

and cellular localization of p53 protein (DO-1), mutant p53 protein (PAb240), p21 protein 

and Ki67 protein in xenografts established from C4–2 or CWRR1 cells.
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Figure 5. 
ReACp53 increases sensitivity of PCa cells receiving treatments of ADT or ENZA. A. 

Graphs showing the effects of combination treatment of ReACp53 and ENZA on clonogenic 

survival of C4–2 cells with engineering expression of mutant p53; B. Graphs showing the 

effects of ReACp53 on cell vialbility of PCa cells receiving ADT; C. Western blot results 

showing the effect of ReACp53 on expressions of AR and PSA in PCa cells; D. 

Representative images of IHC staining showing the effect of ReACp53 treatment on 

expressions of AR protein in xenografts established from CWRR1 or C4–2 cells; E. Graphs 

showing the changes of PSA transcripts in C4–2 cells treated with 10 μM of ReACp53 for 

48 hours. Data represent the average of three independent experiments. Error bars represent 

standard deviation. * indicates p<0.05; *** indicates p<0.001; NS represents no statistic 

significance; F. Model for the action of ReACp53 on cell death and cell proliferation of PCa 

cells carrying mutant p53 protein. ReACp53 treatment segregates the amyloid aggregation of 

mutant p53 protein complex and induces binding of Mdm2 and Bax to p53 protein, resulting 

in the degradation of p53 protein and the translocation of p53-Bax to mitochondria to induce 

mitochondrial cell death in PCa cells, or restores p53 nuclear function as a transcription 

factor.
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