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Abstract

To improve the treatment of advanced prostate cancer, the development of effective and innovative 

antitumor agents is needed. Our previous work demonstrated that the ROS (reactive oxygen 

species) scavenger, MnTE-2-PyP, inhibited human prostate cancer growth and also inhibited 

prostate cancer migration and invasion. We showed that MnTE-2-PyP treatment altered the affinity 

of the histone acetyltransferase enzyme, p300, to bind to DNA. We speculate that this may be one 

mechanism by which MnTE-2-PyP inhibits prostate cancer progression. Specifically, MnTE-2-

PyP decreased p300/HIF-1/CREB complex (p300/hypoxia-inducible factor-1/cAMP response 

element-binding protein) binding to a specific hypoxia-response element (HRE) motif within the 

plasminogen activator inhibitor-1 (PAI-1) gene promoter region, and consequently, repressed 

PAI-1 expression. However, it remains unclear how MnTE-2-PyP reduces p300 complex binding 

affinity to the promoter region of specific genes. In this study, we found that overexpression of Cu/

ZnSOD (superoxide dismutase 1, SOD1) significantly suppressed PAI-1 gene expression and p300 

complex binding to the promoter region of PAI-1 gene, just as was observed in cells treated with 

MnTE-2-PyP. Furthermore, catalase (CAT) overexpression rescued the inhibition of PAI-1 

expression and p300 binding by MnTE-2-PyP. Taken together, the above findings suggest that 

hydrogen peroxide (H2O2) is likely the mediator through which MnTE-2-PyP inhibits the PAI-1 

expression and p300 complex binding in PC3 cells. To confirm this, we measured the production 

of H2O2 following overexpression of SOD1 or catalase with MnTE-2-PyP treatment in the 

presence or absence of radiation. We found that MnTE-2-PyP increased the intracellular steady-

state levels of H2O2 and increased nuclear H2O2 levels. As expected, catalase overexpression 

significantly decreased the levels of intracellular H2O2 induced by MnTE-2-PyP. We then 
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determined if this increased H2O2 production could result in oxidized protein thiol groups. In the 

presence of MnTE-2-PyP, there was a significant increase in oxidized thiols in PC3 cell lysates 

and this was reversed with catalase overexpression. Specifically, we showed that p300 was 

oxidized after MnTE-2-PyP treatment, indicating that MnTE-2-PyP is creating a more oxidizing 

environment and this is altering the oxidation state of p300 thiol residues. Our data provide an in 

depth mechanism by which MnTE-2-PyP regulates gene transcription through induced H2O2 

mediated oxidation of particular proteins, supporting an important role for MnTE-2-PyP as an 

effective and innovative antitumor agent to enhance treatment outcomes in prostate cancer 

radiotherapy.
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INTRODUCTION

Prostate cancer is the second most commonly diagnosed cancer and the second leading 

cause of cancer death for men in the United States [1]. Of the individuals diagnosed with 

prostate cancer, roughly half will undergo radiotherapy for treatment [2]. Although radiation 

effectively kills tumor cells, it also damages nearby healthy tissues. Radiotherapy for 

prostate cancer can cause severe long-term complications that include bowel and rectal wall 

damage, urinary urgency and frequency, erectile dysfunction, urethral stricture, and 

incontinence [3, 4]. Therefore, to improve radiation therapy-induced quality of life 

impairments, it is imperative to develop more effective therapies and innovative agents to 

protect normal tissues from radiation damage, while at the same time inhibiting tumor 

progression.

Over the past decade, efforts to develop several new radioprotectors have been made. These 

drugs profoundly reduce the damage in normal tissues caused by radiation and have shown 

promising results at the preclinical stage [5]. However, most of them have limited clinical 

application either because of acute and chronic toxicities, or because they protect tumors as 

well as normal tissues from radiation. For example, a free radical scavenger, Amifostine, has 

been tested in Phase III clinical trials for head and neck cancer, non-small cell lung cancer 

and pelvic malignancies [6], and the American Society of Clinical Oncology recommended 

it as a radioprotectant in cancer radiotherapy [7]. Unfortunately, several reports of tumor 

protection from radiation damage along with numerous side effects have greatly limited its 

broader clinical use [8, 9].

MnTE-2-PyP (chemical name: Manganese (III) Meso-Tetrakis-(N-Ethylpyridinium-2-yl) 

scavenges reactive oxygen species (ROS), including superoxide, lipid peroxides and 

peroxynitrite. Along with its antioxidant properties, MnTE-2-PyP can act as a potent anti-

inflammatory agent that inhibits NF-κB activity [10]. Furthermore, MnTE-2-PyP has been 

found to protect normal tissue from radiation damage. In particular, MnTE-2-PyP protects 

from erectile dysfunction and testicular atrophy after irradiation exposure to the urogenital 

region [11]. In order for MnTE-2-PyP to be considered a good radioprotector for cancer 
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radiotherapy, it is fully necessary to explore whether MnTE-2-PyP can protect prostate 

tumor cells from radiation induced killing. Rabbani et al. showed that in combination with 

radiation, MnTE-2-PyP inhibits both tumor growth and tumor angiogenesis in mouse 

mammary cancer cells [12]. MnTE-2-PyP also sensitizes human prostate cells to radiation 

[13]. Thus, these reports above demonstrate that MnTE-2-PyP could be used clinically as a 

radioprotector and radiosensitizer for the treatment of cancer radiotherapy.

We have previously explored the mechanisms by which MnTE-2-PyP inhibits human 

prostate cancer progression alone and in combination with radiation. In that study, we 

determined that MnTE-2-PyP decreased p300/HIF-1/CREB complex (p300/hypoxia-

inducible factor-1/cAMP response element-binding protein) binding to a specific hypoxia-

response element (HRE) motif within the plasminogen activator inhibitor-1 (PAI-1) gene 

promoter region, suppressed H3K9 acetylation, and as a result repressed PAI-1 expression 

[13]. However, we still do not understand the mechanism by which MnTE-2-PyP reduces the 

p300 complex binding affinity for the promoter region of PAI-1.

Therefore, the current study was undertaken to determine the mechanism(s) by which 

MnTE-2-PyP reduces the p300 transcriptional complex binding affinity for DNA. We found 

that the overexpression of Cu/ZnSOD (superoxide dismutase 1, SOD1) could mimic 

MnTE-2-PyP activity, indicating that MnTE-2-PyP dismutes superoxide to hydrogen 

peroxide (H2O2). Accordingly, the overexpression of catalase in MnTE-2-PyP treated cells, 

resulted in enhanced p300 transcriptional complex binding to DNA. These data indicated 

that H2O2 may be the key molecule through which MnTE-2-PyP inhibits the p300 complex 

binding to DNA in PC3 cells. Indeed, MnTE-2-PyP treatment resulted in a 2-fold increase in 

intracellular steady state H2O2 levels as compared to untreated cells. Specifically, MnTE-2-

PyP enhanced H2O2 levels in the nuclear compartment. We then showed that MnTE-2-PyP 

treatment results in the oxidation of many proteins, including the thiol groups on the p300 

protein. We speculate that these oxidized thiols on p300 result in less affinity of the p300 

transcriptional complex for the DNA. This is the first study to demonstrate that MnTE-2-

PyP produces high levels of H2O2 intracellularly, specifically in the nucleus. It is also the 

first study to show that MnTE-2-PyP can indirectly oxidize p300. These studies are crucial 

in determining how MnTE-2-PyP regulates the expression of cancerous genes and can be 

better used for the treatment of prostate cancer.

MATERIALS AND METHODS

Cell culture and reagents

Human prostate cancer cell line, PC3, was purchased from American Type Culture 

Collection (ATCC). PC3 cells were cultured in RPMI-1640 media containing L-glutamine, 

10% fetal bovine serum and 1% penicillin/streptomycin, in a 37°C incubator containing 95% 

air and 5% CO2. Cells were passed before reaching confluency by detachment with trypsin 

0.25% (1 ×) solution (HyClone) and were passed less than 30 times. NBT (nitroblue 

tetrazolium), DTT (dithiothreitol), BIAM [N- (Biotinoyl) - N’- (Iodoacetyl) 

Ethylenediamine], and H2O2 were from Fisher Scientific (Pittsburgh, PA, USA). Ferric 

chloride, potassium ferricyanide, catalase from bovine liver, diamide, TEMED (N, N, N’, 

N’-tetramethyl-ethylenediamine), 3-aminotriazole, riboflavin and β-mercaptoethanol were 
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purchased from Sigma-Aldrich (St. Louis, MO, USA). MnTE-2-PyP was provided by Dr. 

James Crapo, National Jewish Health, Denver, CO.

Catalase and SOD1 transfection of PC3 cells

The replication-defective recombinant type 5 adenovirus containing human catalase or 

SOD1 DNA was used in this experiment. The cDNAs are under the control of the human 

CMV (cytomegalovirus) promoter. Ad5CMVCAT and Ad5CMVSOD1 were produced by 

the University of Iowa Viral Vector Core (http://www.medicine.uiowa.edu/vectorcore). 

Human catalase cDNA or SOD1 cDNA was Inserted into the E1 region of an adenovirus 

construct which has a deletion of the entire E1 and partial E3 regions, which renders the 

recombinant adenovirus replication-deficient. An adenoviral vector without reporter gene 

(VQAd/Empty) was used as a negative control (produced by ViraQuest Inc., North Liberty, 

IA). Human PC3 cells (1.0 × 106) were plated in 10 mL of complete media in a 100 mm2 

tissue culture dish and allowed to attach for 24 hours. Cells were then washed three times in 

serum- and antibiotic-free media. The adenovirus constructs (Ad5CMVCAT, 

Ad5CMVSOD1 and VQAd/Empty) were applied to PC3 cells with 0, 50, 100,150 or 200 

MOI (multiplicity of infection) in 4 mL of low serum media (2% fetal bovine serum). Cells 

were incubated with the adenovirus constructs for 4 hours followed by recovery in full 

media with 10% fetal bovine serum for an additional 72 hours.

Western blot

PC3 cells were homogenized in a cell lysis buffer containing 120 mM NaCl, 50 mM Tris-

HCl, 5 mM EDTA, 1% NP-40 and complete protease inhibitor cocktail tablets (Roche, 1 

tablet/50 ml) and incubated for 30 minutes on ice. Homogenates were then centrifuged at 

4°C for 10 minutes at 10,000 g, and supernatants collected. Nuclear extracts were isolated 

from PC3 cells with the CelLytic NuCLEAR Extraction Kit (Sigma-Aldrich). Protein 

concentrations were measured using a Bradford assay (Amresco, Solon, OH, USA). Samples 

with equal amounts of protein were separated by Bolt 4-12% Bis-Tris Plus gels (Thermo 

Fisher Scientific) and transferred to polyvinylidene difluoride membranes (Life 

Technologies, Grand Island, NY, USA). After incubation with 5% nonfat milk in TBST (10 

mM Tris, pH 8.0, 150 mM NaCl, 0.5% Tween 20) overnight at 4°C, the membrane was 

washed once with TBST and incubated with antibodies against catalase (R&D Systems, 

Minneapolis, MN, USA) (1:5000), SOD1 (gift from Dr. Rick Domann, University of Iowa, 

IA) (1:5000), or Histone H1 (Abcam, Cambridge, MA, USA) (1:1000) at room temperature 

for 1 h. Membranes were then washed with TBST three times for 10 min each and incubated 

with a 1:10000 dilution of HRP-conjugated goat anti-rabbit antibody (Life Technologies) for 

1 hour at room temperature. Blots were washed with TBST five times for 10 min each, 

developed with an ECL detection system (Thermo Scientific), and exposed to films.

Immunofluorescence

PC3 cells were transfected with 200 MOI adenovirus constructs (Ad5CMVCAT, 

Ad5CMVSOD1 and VQAd/Empty) and 3×104 cells per chamber were seeded into 8-

chamber culture slides (Falcon, USA). The next day, cells were rinsed with ice-cold PBS 

and fixed with 4% paraformaldehyde for 10 minutes at room temperature followed by 

permeabilization with 0.5% Triton-X100 in PBS for 5 minutes. The cells were subjected to 
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immunofluorescence staining with catalase antibody (Abcam) (1:50) or SOD1 antibody (gift 

from Dr. Rick Domann, University of Iowa, IA) (1:100) for 1 hour at room temperature. The 

cells were then washed with cold PBS three times for 3 minutes each, and incubated with 

100μl 20μM Alexa Fluor-488 goat anti-rabbit IgG conjugate antibody (Life Technologies) at 

37°C for 1 hour protected from light. After 4’-6’ diamidino-2-phenylindole (DAPI) (Sigma-

Aldrich) staining, the cells were examined by a fluorescence microscope (Leica, DM4000 B 

LED). Images were selected from six random microscopic fields.

SOD1 and catalase activity staining assay

SOD1 and catalase activity assays were performed as described previously [14, 15]. Briefly, 

2.0 × 106 PC3 cells were homogenized in a cell lysis buffer containing 120 mM NaCl, 50 

mM Tris-HCl, 5 mM EDTA, 1% NP-40 and complete protease inhibitor cocktail tablets (1 

tablet/50 ml) and incubated for 30 minutes on ice. Homogenates were then centrifuged at 

4°C for 10 minutes at 10,000 g, and supernatants collected. SOD1 and catalase activity were 

measured by separating 25 μg of proteins on a 10% Mini-PROTEAN TGX precast gel (Bio- 

Rad), constant 100 V for 2 hour at room temperature under native conditions. For SOD, 

following electrophoresis, the gel was placed in the dark and incubated with 2.43 mM 

nitroblue tetrazolium (NBT), 28 μM riboflavin, and 28 mM TEMED for 20 minutes. After 

washing excessively with distilled water, the gel was then exposed to fluorescent light for 

several minutes. Areas of SOD1 activity appeared as achromatic bands in blue background. 

For measuring catalase activity, the electrophoresed gel was extensively rinsed with distilled 

water three times, for 10 minutes each and then soaked in 0.003% H2O2 for 10 minutes. A 

staining solution consisting of 2% ferric chloride and 2% potassium ferricyanide was then 

added. Areas of catalase activity appears as clear (negative staining) bands on a blue-green 

background.

Real-time Quantitative PCR

Approximately 6.0 × 105 adenovirus transfected PC3 cells were pretreated with 30 μM 

MnTE-2-PyP overnight, and then exposed to 20 Gy of radiation. 24 hours later, RNA was 

then isolated from PC3 cells with the ZR RNA MicroPrep RNA isolation kit (Zymo 

Research, Irvine, CA, USA) according to the manufacturer’s protocol. For quantitative 

analysis of PAI-1 gene mRNA expression, comparative real-time PCR was performed with 

the use of Power SYBR Green RNA-to-CT 1 step kit (Applied Biosystems, Foster City, CA, 

USA). Quantitative PCR was performed under the following conditions: 48°C for 30 min, 

95°C for 10 min, then 40 cycles with 95°C for 15 sec and 60°C for 1 min. Following the 

final cycle, the melt curves of the PCR products were determined to verify the integrity of 

the PCR products. The sequences for the amplification of human PAI-1 were: 5’-

ACCGCAACGTGGTTTTCTCA-3’ (forward) and 5’-

TTGAATCCCATAGCTGCTTGAAT-3’ (reverse). 18S rRNA was used as an external 

endogenous standard. The forward, 5’-CGGCTACATCCAAGGAA-3’, and reverse, 5’-

GCTGGAATTACCGCGGCT-3’.

p300 Chromatin Immuno-precipitation (ChIP) assay

ChIP assays were performed as described previously [16]. Briefly, after pretreatment with 

MnTE-2-PyP (30 μM) overnight, PC3 cells with or without adenovirus transfection were 
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exposed to 20 Gy of radiation. One hour later, 1.0 × 107 cells were fixed with 1% of 

formaldehyde. Genomic DNA was sheared to lengths ranging from 200 to 1000 bp with a 

Sonic Dismembrator (Fisher Scientific): Ampl 80%, 3 seconds on, 10 seconds off, for 10 

cycles. One percent of the cell extract was taken as “input”, and the rest of the extract was 

incubated with either anti-p300 (Santa Cruz, Santa Cruz, CA, USA), or control IgG (Santa 

Cruz) overnight at 4°C, followed by precipitation with protein A agarose beads (EMD 

Millipore, Billerica, MA, USA). The immunoprecipitates were sequentially washed with a 

low salt buffer, a high salt buffer, a LiCl buffer, and with TE buffer. The DNA-protein 

complex was eluted and proteins were then digested with proteinase K. The DNA was 

detected by real-time quantitative PCR analysis and the data obtained by real-time PCR for 

each specific antibody were normalized to IgG control and plotted as percent input. ChIP 

primers for HRE (hypoxia response element) in the human PAI-1 gene promoter (−194 to 

−187 bp) was: (forward, 5’-CAGAAAGGTCAAGGGAGGTTC-3’ and reverse, 5’-

CTGCTCTGTGTGTGTACGTGTG-3’).

Intracellular hydrogen peroxide levels assayed by aminotriazole-mediated inactivation of 
catalase

The intracellular steady-state levels of H2O2 can be estimated by using a sensitive assay 

based on 3-aminotriazole inhibition of catalase [17-19]. Briefly, PC3 cells were transfected 

with the adenovirus constructs (Ad5CMVCAT, Ad5CMVSOD1 and VQAd/Empty) and 

treated with or without MnTE-2-PyP, then placed in full media containing 10% FBS with 0 

or 20 mM 3-aminotriazole at 37°C. At specified time points (0, 2.5, 5, 10, 15, 20 min), cells 

were rinsed two times with 5.0 mL ice-cold 50 mM phosphate buffered saline (PBS), pH 7.4 

and then scrape-harvested into 1.0 mL of the same buffer, centrifuged at 300 g, then 200 μl 

of 50 mM phosphate buffer pH 7 was added to the pellets and frozen at −20°C. H2O2 

concentration was calculated by kinetic analysis of the rate of decrease of catalase activity 

[17]. For catalase activity assays, the cell pellets were thawed rapidly in warm, not hot, 

flowing tap water and then sonicated 5 times until the pellet “disappeared” with a Sonic 

Dismembrator (Fisher Scientific): Ampl 50%, 1 second on, 3 seconds off. Protein 

concentrations were quantified by a Bradford assay (Amresco). Spectrophotometric catalase 

activities were run as described [20] using 80 μg homogenate cellular protein in phosphate 

buffer, pH 7.0 (total volume 200 μl). The assay was initiated by the addition of 100 μl of a 

30 mM H2O2 stock solution in phosphate buffer, pH 7.0, and the loss of absorbance at 240 

nm at room temperature over a 2 min time period was monitored on an Infinite M200 Pro 

(Tecan). The absorbance was measured at 10 different time points over this 2 minute period. 

Initial catalase activities were calculated by fitting experimental data to the first order 

kinetics as described [20] and expressed as catalase k mU/mg cell protein. The intracellular 

steady-state concentration of H2O2 was calculated from the equation: [H2O2] = 

kinactivation/k1, where kinactivation is the experimental pseudo first-order rate constant of 

catalase inactivation, and the value k1 is 1.7 × 107 M−1 S−1, the rate constant for the 

formation of catalase compound I in the presence of H2O2.

Extracellular hydrogen peroxide by Amplex Red assay

The Amplex Red Hydrogen Peroxide Assay Kit (Life Technologies) measures a catalase-

sensitive signal, presumably extracellular H2O2. Briefly, 2.0 × 105 PC3 cells were cultured 
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and 24 hours after seeding, in 4 mL of low serum media (2% fetal bovine serum), cells were 

incubated with the adenovirus constructs (Ad5CMVCAT, Ad5CMVSOD1 and VQAd/

Empty) for 4 hours, followed by recovery in full media with 10% fetal bovine serum. After 

72 hours, trypsin was used to detach cells. Cell numbers were counted and cells were 

reseeded in 96 well plates at a number of 5.0 × 104 cells per well. Eight hours after 

reseeding, the transfected cells were treated with 30 μM MnTE-2-PyP, and 16 hours later, 

the media were removed and the reaction mixture (1μl 5 mM Amplex Red, 1 μl 10U/ml 

horseradish peroxidase in 118 μl HBSS, pH 7.4) was then added to each well. Two readings 

were obtained immediately after adding the reaction mixture and 30 min after the 20 Gy 

radiation treatment respectively from each well both by an Infinite M200 Pro (Tecan) at an 

absorbance of 560 nm. The amount of H2O2 was determined by a standard curve of 0-10 μM 

with an equation: [H2O2] =0.0189 x+0.0019, R2=0.9968. The value of x was obtained by the 

subtraction of the second readings and the first readings.

ROS-GLO H2O2 assay

The ROS-GLO H2O2 Assay uses a modified luciferin substrate, based on boronate 

oxidation, which reacts directly with H2O2 to generate a luciferin precursor. Upon addition 

of detection reagent, precursor is converted to luciferin and Ultra-Glo™ Recombinant 

Luciferase included in the detection reagent produces a light signal proportional to the level 

of H2O2 in the sample. Briefly, PC3 cells were trypsinized and seeded in Nunclon 96 Flat 

White Plate (Thermo Fisher Scientific) with 5.0 × 104 each well. After the incubation of 30 

μM MnTE-2-PyP overnight, medium was replaced with fresh complete medium. Before the 

20 Gy radiation treatment, 20μl of a mixture of H2O2 substrate and H2O2 dilution buffer was 

immediately added to each well. Six hours after radiation, 100 μl ROS-GLO™ Detection 

Solution was added to each well and all samples were incubated at room temperature for 20 

minutes. Luminescence was read by Infinite M200 Pro Plate Reader (Tecan) using an 

integration time of 1000 ms.

Nuclear Peroxy Emerald 1 (NucPE1) assay

Assays using nuclear-localized fluorescent probe for H2O2, NucPE1, were performed as 

described previously [21]. Briefly, 5.0 × 104 PC3 cells with or without 200 MOI adenovirus 

constructs transfection (Ad5CMVCAT or VQAd/Empty) were trypsinized and seeded on a 

Nunclon 96 Flat Black Plate (Thermo Fisher Scientific). After incubation with 30 μM 

MnTE-2-PyP or PBS overnight, the cells were then exposed to 20 Gy of radiation. One hour 

later, 5 μM NucPE1 was loaded to the cells for 15 minutes. After washing with PBS, PC3 

cells were incubated 20 minutes in PBS with or without 100 μM H2O2 (for positive control). 

For imaging the cells, 1 μM Hoechst was also loaded to the cells with 5 μM NucPE1. The 

cells were photographed by using a Leica DMI 6000B microscope (Leica, Germany). 

Images were selected from six random microscopic fields. Fluorescence intensity 

quantifications were performed in ImageJ software. In brief, we used the thresholding tool to 

find the border of the nucleus in the Hoechst channel and these borders were selected as 

regions of interest (ROIs). The ROIs were overlaid on the NucPE1 image and the integrated 

density was measured. The distribution of integrated densities were plotted and statistical 

descriptions were calculated using GraphPad Prism software. This optical density analysis 

represents the relative level of nuclear H2O2 per cell.
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Detection of thiol oxidation

Determination and quantification of thiol oxidation was performed as described previously 

[22]. Briefly, 5.0 × 106 cells with or without transfection with Ad5CMVCAT or VQAd/

Empty, were treated with MnTE-2-PyP (30 μM) or PBS overnight, then collected and 

centrifuged at 450 g for 5 minutes. Cell pellets were resuspended in 200 μl of lysis buffer 

containing 120 mM NaCl, 50 mM Tris-HCl, 5 mM EDTA, 1% NP-40 and complete protease 

inhibitor cocktail tablets (1 tablet/ 50 mL). The concentration of lysates were measured by a 

Bradford assay (Amresco) and the final concentrations were normalized to 1 mg/ml. Some 

of the lysates were treated with DTT (1 mM) or diamide (1 mM) for 30 minutes at room 

temperature (RT). Proteins (100 μg) were taken out from each sample and incubated with a 

solution containing 900 ul PBS, 0.1%SDS and 50 μM N- (Biotinoyl) - N’- (Iodoacetyl) 

Ethylenediamine (BIAM) in the dark for 30 minutes at RT. The reaction was terminated by 

the addition of 50 μl of 500 mM β-mercaptoethanol for 5 minutes. Streptavidin-agarose (100 

μl) (Thermo Fisher Scientific) was then incubated with samples for 1 hour at RT. The 

streptavidin-agarose-bound complex was washed 4 times by the addition of 1 mL binding 

buffer (PBS+0.1%SDS) and centrifuged at 2,000 rpm. Then, each sample was boiled at 

75°C for 10 minutes and western blot analysis was carried out by probing with antibodies 

against CREB (millipore) (1:10000), anti-HIF-1α (BD Biosciences) (1:500), HIF-1β/ARNT 

(Cell Signaling) (1:1000) or streptavidin-HRP (Thermo Scientific) (1:10000).

Statistical analysis

All experiments were conducted independently three or more times. Statistical analyses were 

performed using GraphPad Prism 6 Software version 6.0.5 for windows. Data are expressed 

as the mean ± standard deviation (SD). The statistical significance between different groups 

was evaluated with ANOVA followed by Student’s t-test, and a p ≤ 0.05 was considered 

statistically significant.

RESULTS

Human PC3 cells can be efficiently transfected with adenovirus constructs

To identify the optimal protein expression of SOD1 and catalase adenovirus vectors, PC3 

cells were collected at 0, 24, 48, 72 and 96 hours post-infection and western blots were then 

performed for SOD1 and catalase proteins. We observed at 72 hours post-infection, that the 

protein expression of SOD1 and catalase peaked (data not shown). Complementarily, to 

determine the optimal adenovirus dose in our experiment, 0, 50, 100, 150, 200 MOI 

adenovirus constructs (Ad5CMVCAT, Ad5CMVSOD1 and VQAd/Empty) were used to 

transfect the PC3 cells followed by western blot at 72 hours post-infection. As expected, 

SOD1 and catalase levels increased in a dose-dependent fashion. At 200 MOI, significant 

increases in both SOD1 and catalase protein levels were clearly evident, whereas control 

virus (VQAd/Empty) had no effect (data not shown).

Furthermore, no obvious toxic effects were detected by using microscopic examination of 

200 MOI transfected cells. Thus, the time point of 72 hours post-infection with 200 MOI 

adenovirus was used as our optimized parameters in this study. These results above suggest 

that human PC3 cells can be efficiently transfected with different adenovirus constructs. 
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Although, SOD1 appears to be more efficiently expressed in the nucleus than catalase in 

PC3 cells using the viral vector infection systems.

Recombinant adenovirally expressed SOD1 and catalase localize not only to the 
cytoplasm, but also to the nucleus in PC3 cells

It has previously been shown that MnTE-2-PyP localizes to the nucleus and mitochondria at 

higher concentrations than the cytoplasm [23]. Since a goal of this study was to discern if 

MnTE-2-PyP was working as a SOD mimetic, we wanted to develop a model where SOD1 

and catalase could be expressed in the nucleus and cytoplasm. As shown in Fig. 1A and Fig. 

1B by western blot, ectopic expression of SOD1 and catalase were increased in a dose-

dependent fashion not only in the cytoplasmic fraction, but also in the nuclear fraction. To 

this end, we performed immunofluorescence localization studies on PC3 cells following 

infection with either Ad5CMVSOD1 or Ad5CMVCAT. In these studies, expression of 

human SOD1 in PC3 cells demonstrated localization to both nuclear and cytoplasmic 

compartments (Fig. 1C). In addition, adenovirally expressed human catalase was also 

detected in the nucleus and in the perinuclear region of the cell (Fig. 1D). These results 

demonstrate that Ad5CMVSOD1 and Ad5CMVCAT can express their respective transgenes 

in the nuclear compartments. Hence, these overexpression systems can be used to discern the 

mechanisms by which nuclear antioxidants control gene transcription in prostate cancer 

cells.

Transfection of adenovirus constructs produced a significant increase in active SOD1 or 
catalase proteins

To determine if the SOD1 and catalase proteins produced were active, cell extracts were 

separated on a non-denaturing 10% polyacrylamide gel. As shown in Fig. 2A and Fig. 2B, 

transfection of human PC3 cells with 200 MOI resulted in a significant increase in SOD1 

activity as compared with an MOI of 100. Similarly, for catalase activity, as evident in Fig. 

2C and Fig. 2D, a MOI-dependent increased catalase activity was observed in human PC3 

cells. PC3 cells infected with 200 MOI had significantly more catalase activity as compared 

to the 100 MOI group. Cells exposed to VQAd/Empty adenovirus, showed no increase in 

enzymatic activity for either protein. Thus, the adenoviral system is producing both active 

SOD1 and catalase proteins in PC3 cells, respectively.

Hydrogen peroxide is the major mediator for the suppression of human PAI-1 gene 
expression by MnTE-2-PyP

We have previously published that MnTE-2-PyP suppresses PAI-1 expression regulated by 

the p300/HIF-1β and/or CREB complex with or without 20 Gy irradiation [13]. Because we 

wanted to determine changes right after irradiation, we used a radiation dose of 20 Gy to aid 

in observing larger differences between the unirradiated and irradiated cells. To explore the 

gene regulation with more clinically relevant dose of irradiation, we treated the cells using 5 

Gy instead of 20 Gy, and found that MnTE-2-PyP inhibited PAI-1 gene expression with 5 

Gy as well as 20 Gy (Fig. 3A). Thus, similar effects were observed at 5 or 20Gy of 

irradiation.
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In order to determine if MnTE-2-PyP is acting solely as a SOD mimetic, we performed real-

time PCR for PAI-1 gene in PC3 cells transfected with Ad5CMVSOD1. As shown in Fig. 

3B, just like MnTE-2-PyP, SOD1 transfection also suppressed human PAI-1 gene expression 

with or without 20 Gy irradiation, as compared with empty vector transfected control cells. 

On the other hand, catalase overexpression in PC3 cells attenuated the inhibition of PAI-1 

gene by MnTE-2-PyP with or without irradiation (Figure 3B).

We have also previously shown that MnTE-2-PyP reduces p300 binding to the HRE binding 

site on the PAI-1 promoter [13]. We performed a p300 ChIP-qPCR assay to test the binding 

of the p300 complex to the identified PAI-1 gene promoter region. As shown in Fig. 3C, a 

significant decrease in association of p300 with the HRE motif of PAI-1 gene promoter 

region was detected in PC3 cells transfected with SOD1 with or without irradiation, 

similarly to the results observed with MnTE-2-PyP treatment. In contrast, overexpression of 

catalase completely abolishes the ability of MnTE-2-PyP to inhibit the p300 complex 

binding to the DNA. Moreover, we performed the p300 ChIP assay on PAI-1 promoter 

region with different concentration of MnTE-2-PyP (1 μM, 10 μM and 30 μM), and we 

found that MnTE-2-PyP suppressed p300 transcriptional complex binding to DNA in a dose-

dependent manner (Fig. 3D).

SOD1 enzyme and MnTE-2-PyP can catalyze the dismutation of superoxide into oxygen 

and H2O2, and catalase scavenges H2O2 to oxygen and water. Thus, the fact that p300 

binding in MnTE-2-PyP treated cells can be reversed with catalase suggest that H2O2 is 

likely the mediator through which MnTE-2-PyP inhibits the expression of PAI-1 in PC3 

cells.

In the meantime, to identify the effect of SOD1 and catalase overexpression on cell growth 

in the presence or the absence of MnTE-2-PyP treatment, we performed a clonogenic assay 

in human PC3 cells and found that SOD1 overexpression inhibited PC3 cell growth, similar 

to what we have observed with MnTE-2-PyP treatment [13]. Ectopic catalase also 

significantly suppressed cell growth, indicating that H2O2 removal by itself inhibits PC3 cell 

growth. Moreover, combination with MnTE-2-PyP also resulted in a further decrease of the 

PC3 colonies. Therefore, the catalase can modulate the biological behavior of PC3 cells 

through other signal pathways (data not shown) and MnTE-2-PyP is likely inhibiting PC3 

growth by several mechanisms and not solely by inhibiting p300 signaling.

MnTE-2-PyP treatment and SOD1 overexpression enhances intracellular hydrogen 
peroxide levels

We then focused on the changes of intracellular and extracellular H2O2 levels after 

transfection with SOD1, catalase or treatment with MnTE-2-PyP. The intracellular steady-

state levels of H2O2 were estimated using a sensitive assay based on 3-aminotriazole 

inhibition of catalase [19]. PC3 cells overexpressing SOD1, catalase or treatment with 

MnTE-2-PyP were incubated with 0 or 20 mM 3-aminotriazole for different time intervals to 

determine steady-state intracellular H2O2 concentrations. As shown in Fig. 4A, there was a 

significant increase in the steady-state level of intracellular H2O2 after SOD1 transfection or 

MnTE-2-PyP treatment with or without 20 Gy irradiation. As expected, ectopic catalase 

profoundly attenuated the intracellular H2O2 steady state levels produced by MnTE-2-PyP.
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Furthermore, to confirm the effect of MnTE-2-PyP on the production of H2O2 levels inside 

the cells, we measured H2O2 levels using a ROS-GLO probe (Promega). This probe 

measures both intra and extracellular H2O2. Consistent with the data we obtained above, 

increased H2O2 levels were clearly observed following MnTE-2-PyP treatment with or 

without 20 Gy radiation in human PC3 cells (Fig. 4B). Moreover, we also performed the 

ROS-GLO assay on PC3 cells treated with different concentration of MnTE-2-PyP (1 μM, 

10 μM and 30 μM), and we found that MnTE-2-PyP enhanced the levels of intra and 

extracellular H2O2 in a dose-dependent manner (Fig. 4C).

We next determined if extracellular H2O2 could be altered respectively in the media of cells 

after SOD1 and catalase transfection with or without MnTE-2-PyP treatment using the 

Amplex Red Hydrogen Peroxide Assay. Any H2O2 produced intracellularly that diffuses out 

of the cells or produced locally at the plasma membrane would be detected by using this 

assay. However, as shown in Fig. 4D, no evidence of changes in extracellular H2O2 was 

detected in PC3 cells after transfection with either SOD1, catalase adenovirus or treatment 

with MnTE-2-PyP.

Because we were interested in the nucleus, we wanted to determine if this increased 

intracellular H2O2 was occurring in the nuclear compartment. NucPE1 has been previously 

shown to be a nuclear-localized fluorescent probe for H2O2, and it can directly and 

specifically measure nuclear H2O2 concentration [21]. As is shown in Fig. 5A, there was a 

significant increase in the levels of nuclear H2O2 concentration after MnTE-2-PyP 

treatment. Additionally, when catalase overexpressing cells were treated with MnTE-2-PyP, 

the H2O2 concentration detected by NucPE1 was significantly diminished with or without 

irradiation (Fig. 5B). This data is further confirmation that MnTE-2-PyP is producing high 

levels of H2O2 in the nucleus and that the catalase over-expressing system can scavenge this 

nuclear H2O2.

MnTE-2-PyP enhances H2O2-mediated protein oxidation

In order to determine whether these high levels of H2O2 observed in MnTE-2-PyP result in 

thiol oxidation of proteins, we used a BIAM assay to determine oxidation status of thiol 

groups in the PC3 cell lysates [22]. BIAM will bind to reduced thiol groups, but not 

oxidized thiols and streptavidin beads were used to immunoprecipate these proteins from the 

overall cell lysate. From Fig. 6A, it is clear that the amount of overall proteins that were 

bound to BIAM in MnTE-2-PyP group was reduced as compared with the non-treated cells, 

which indicates that these thiols were oxidized in the presence of MnTE-2-PyP. DTT, a 

reducing agent, and diamide, a strong oxidizing agent were added for internal controls for 

the BIAM assay. We also explored if ectopic catalase could inhibit thiol groups oxidation by 

MnTE-2-PyP. As shown in Fig. 6B, although ectopic catalase alone did not change thiol 

oxidation levels in PC3 cells without treatment of MnTE-2-PyP, catalase overexpression 

clearly reversed the thiol oxidation by MnTE-2-PyP as compared with empty vector 

transfected group, indicating that MnTE-2-PyP thiol oxidation was mediated by H2O2.

Furthermore, to determine specifically which proteins are oxidized in the presence of 

MnTE-2-PyP, we performed the BIAM assay followed by western blotting for p300. As 

shown in Fig. 6C, p300 was oxidized in the presence of MnTE-2-PyP or diamide, similar to 
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the trend observed in Fig. 6A. Then we used densitometric analysis to quantify these 

changes. As shown in Fig. 6D, MnTE-2-PyP significantly oxidized thiol groups present on 

the p300 protein, similar to the oxidation of p300 in the presence of diamide. We have 

previously shown that MnTE-2-PyP treatment does not affect overall p300 protein 

expression levels [13], so this loss in protein detected by the BIAM assay is most likely due 

to the oxidation of thiols of the p300 protein. We tried to measure other transcription factors 

associated with the p300 transcriptional complex (i.e., HIF-1α, HIF-1β and CREB), but we 

could not detect these proteins via this method (data not shown).

DISCUSSION

It has been previously reported by our laboratory that MnTE-2-PyP reduces prostate cancer 

growth and metastasis [13]. We found that MnTE-2-PyP inhibits the binding of p300/HIF-1/

CREB transcriptional complex to the promoter region of PAI-1 gene, reduces histone 

acetylation, and consequently, significantly suppresses the expression of human PAI-1 gene 

[13]. However, the underlying mechanism(s) as to how MnTE-2-PyP reduces p300 

association binding to DNA has not been elucidated. In this current study, by developing a 

model where SOD1 and catalase are expressed in the nucleus, we found that SOD1 

overexpression results in similar activity observed in MnTE-2-PyP treated cells. Conversely, 

overexpression of catalase reverses MnTE-2-PyP activity. These data suggest that H2O2 is 

likely the mediator through which MnTE-2-PyP inhibits PAI-1 expression. In accordance 

with this idea, MnTE-2-PyP was found to cause a significant increase in intracellular H2O2 

concentrations, which resulted in the oxidation of p300. We speculate that p300 oxidation 

inhibits binding of the p300/HIF-1/CREB complex to the promoter region of PAI-1 gene. 

This is the first study to directly measure H2O2 levels in MnTE-2-PyP treated cells. We 

showed that MnTE-2-PyP, alone or in combination with radiation, creates a significant 

increase in intracellular H2O2 levels, specifically in the nucleus. We speculate that this 

increased nuclear H2O2 mediates the thiol oxidation and that this could be an important 

mechanism by which MnTE-2-PyP works as an anti-tumor agent. However, since catalase 

overexpression in MnTE-2-PyP treated cells also resulted in significant growth inhibition, 

inhibition of p300 signaling is likely not the only mechanism by which MnTE-2-PyP is 

inhibiting PC3 cell growth.

Redox-active manganese porphyrins, such as MnTE-2-PyP, have been developed with 

characteristics that mimic the active center of naturally occurring metalloenzymes, which 

catalytically breakdown superoxide and inhibit peroxynitrite formation. Regarding its ability 

to scavenge superoxide into H2O2 and oxygen, it acts as an SOD mimetic. However, 

previous research indicates that the SOD activity of MnTE-2-PyP is just one of its many 

activities with potential biological effects. MnTE-2-PyP has been shown to alter 

transcription factor binding, which results in the alteration of major signaling pathways. It is 

unclear if this change in signaling is a result of changing the redox environment or a redox-

independent mechanism.

Generally speaking, the oxidation state of the manganese at the center of the 

metalloporphyrins have four varied forms: Mn (II), Mn (III), O=Mn (IV) and O=Mn (V) 

[24]. And the oxidation state of Mn (III) is most stable among those conditions. When 
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MnTE-2-PyP functions as a SOD mimetic, it usually alters reduction and oxidation reactions 

between redox states of Mn (II) and Mn (III). Besides, MnTE-2-PyP can also use several 

reducing agents to cycle during this oxidation shift of Mn (II) and Mn (III) states, resulting 

in the production of H2O2. Tovmasyan et al. have showed that MnTE-2-PyP switches 

between the oxidation states of Mn (II) and Mn (III) in the presence of reducing agent 

ascorbate, which generates a burst of H2O2 [25]. Furthermore, when the environment is 

more oxidizing, the manganese localized in the center of MnTE-2-PyP, can be oxidized to 

O=Mn (IV) or O=Mn (V). During these conditions, such as treatment with chemotherapy, 

MnTE-2-PyP is highly oxidizing. Jaramillo et al. showed that in the presence of 

dexamethasone treatment, MnTE-2-PyP S-glutathionylates the cysteines of NF-κB (Nuclear 

Factor-kappa B) subunits p65, which prevents NF-κB binding and its transcriptional activity 

[26]. In a previous study this same group showed that MnTE-2-PyP in combination with 

dexamethasone, but not alone, creates H2O2 which induces apoptosis in lymphoma cells 

[27]. We found that MnTE-2-PyP alone and in combination with radiation enhanced H2O2 

signaling, thus, MnTE-2-PyP may produce different amounts of H2O2 in different cell types. 

Ascorbate levels in MnTE-2-PyP treated PC3 cells may contribute to H2O2 production as 

well, this has not yet been investigated. In addition, the impacts of MnTE-2-PyP on several 

transcription factors HIF-1α, SP-1 and AP-1 have also been explored [28-30]. Therefore, 

MnTE-2-PyP has been regarded as a redox regulator of cellular transcriptional activities 

rather than solely as a SOD mimetic. In our study, we found that even without chemotherapy 

or radiotherapy treatment, MnTE-2-PyP is reactive towards protein thiols. However, we do 

not believe that this oxidation is direct. We postulate that by dismuting superoxide, MnTE-2-

PyP creates localized elevated H2O2 levels, which affects signaling through induced H2O2 

mediated cysteines oxidation of target proteins.

We acknowledge that there are controversies in the field that SOD is capable of producing 

large amounts of H2O2. In theory, superoxide, if left alone, will dismute to H2O2 on its own, 

albeit at a slower rate than in the presence of SOD [31]. Therefore, increased SOD activity 

should not result in overall higher H2O2 concentrations. However, our study and other 

studies have shown that SOD overexpression results in increased steady state H2O2 levels. In 

this study we also show that the SOD mimetic, MnTE-2-PyP, is acting in a similar manner 

[32, 33]. One plausible explanation could be that in a cell, superoxide interacts with other 

cellular molecules, such as nitric oxide and, therefore, H2O2 production is blunted. When 

SOD levels are increased, more superoxide is directly scavenged, which leads to increased 

H2O2 concentrations. The PC3 cancer cells are highly metabolic and have dysfunctional 

mitochondria, so we postulate that electrons from these damaged mitochondria are being 

effectively scavenged by SOD overexpression and by MnTE-2-PyP treatment.

H2O2 is a very important molecule in the regulation of a wide variety of biological 

processes. Depending on its location and concentration, it can serve both beneficial and 

harmful roles within the cells. However, the methods to quantify and track the small, 

diffusible H2O2 molecules with spatial and temporal fidelity in live cells still remain limited 

[34, 35]. In this paper, we carried out four different assays to measure the concentration 

levels of H2O2 after we treated PC3 cells with or without MnTE-2-PyP: 3-aminotriazole 

inhibition of catalase assay, ROS-GLO assay, NucPE1 assay, and Amplex Red Hydrogen 

Peroxide Assay. To our knowledge, this is the first study to directly measure the H2O2 levels 
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induced by MnTE-2-PyP alone inside or outside the cells. We performed a sensitive method 

for the measurement of intracellular H2O2 based on irreversible inhibition of catalase by 3-

aminotriazole [17, 18]. The extent of 3-aminotriazole mediated catalase inhibition is 

dependent on the initial steady-state levels of intracellular H2O2, so the rate of inhibition can 

be used to estimate H2O2 concentration inside the cells. A significant increase (more than 2 

fold) of intracellular H2O2 was also detected by this assay following with MnTE-2-PyP 

treatment with or without radiation treatment. Using the ROS-GLO H2O2 assay, which is 

regarded as a homogeneous, rapid and sensitive luminescent assay to measure both intra and 

extracellular H2O2, we were also able to detect a 2 fold increase of H2O2 levels after human 

prostate cancer cells were exposed to MnTE-2-PyP with or without 20 Gy irradiation. As the 

ROS-GLO H2O2 assay does not rely on a reaction catalyzed by horseradish peroxidase, it is 

a direct assay to detect H2O2 levels, results in a much lower false detection rate.

Radiation has been shown to increase NOX4 activity and NOX4 is located in cell 

membranes and found in the nucleus. NOX4 is likely a major of superoxide and hydrogen 

peroxide in the nucleus after irradiation [36-38]. Although, there is controversy in the field 

as to whether NOX4 makes superoxide or only hydrogen peroxide, we did not investigate 

which ROS species was produced by NOX4 in our system. Due to this fact, the source of 

ROS from the mitochondria could also contribute to the superoxide radical anion being 

produced with irradiation and the hydrogen peroxide could also diffuse into the nucleus. 

MnTE-2-PyP localizes to both the mitochondria and the nucleus and could scavenge 

superoxide in both of these compartments. Since we know that MnTE-2-PyP diffuses to the 

nucleus and we have detected aberrant transcription factor activity and binding following 

MnTE-2-PyP treatment, we wanted to determine if this increased intracellular H2O2 was 

occurring in the nuclear compartment. Therefore, we used a nuclear-localized fluorescent 

probe for H2O2, NucPE1, to selectively measure H2O2 fluxes in the nucleus [21]. A 

significant increase in nuclear H2O2 was clearly detected in cells treated with MnTE-2-PyP 

alone or in combination with radiation. Thus, by using these variety of methods for H2O2 

detection, we can draw this conclusion: MnTE-2-PyP treatment enhances intracellular H2O2 

levels, specifically in the nucleus in PC3 cells.

H2O2 generation is a normal physiologic process in the cells and any H2O2 produced 

intracellularly can diffuse readily out of the cells. In this study, we performed an Amplex 

Red Hydrogen Peroxide Assay to detect H2O2 in the medium. Since the indicator enters the 

cells poorly, this method measures only extracellular H2O2 concentration. However, we 

found MnTE-2-PyP had no effect on extracellular H2O2 levels. This phenomenon may be 

explained by the following possibilities. First, the Amplex Red Hydrogen Peroxide Assay 

may not be sensitive enough to detect the alterations in extracellular levels. The intracellular 

levels of H2O2 may not be sufficient to raise extracellular H2O2 concentration, which is 

necessary for its detection by this assay. Second, H2O2 may react with intracellular sinks 

before it can leave the cells. Third, we only measured 1 hour after radiation, more time may 

be needed to observe the accumulation of extracellular H2O2. Finally, another possibility is 

that the cell medium may be interfering with this assay.

A wide range of cellular biological processes, such as cell signaling and gene transcription, 

are redox regulated. H2O2 is known as a critical molecule that is involved in redox 
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regulation and is very reactive towards cysteine (Cys) residues [39]. Through the reversible 

oxidation of specific cysteine residues, H2O2 can translate the redox state into a signal that 

ultimately leads to an appropriate cellular response. Generally speaking, low levels of H2O2 

can oxidize the Cys thiol initially to sulfenic acid (SOH). This is a very reactive species; it 

will rapidly form a disulfide bond or a sulfenamide if there is any thiol available in the 

vicinity, which results in intermediate conformational changes within proteins or protein 

complexes. On the other hand, with larger doses of H2O2, SOH may become further 

oxidized to sulfinic (SO2H) or sulfonic (SO3H) acid. The oxidation towards sulfonic acid is 

seen as to be an irreversible stage, and a fully oxidized cysteine residue is, therefore, 

frequently referred to as being over or hyper oxidized. Glutathionylation and S-nitrosylation 

can also modify cysteine residues as well. It is unclear which type of oxidation is taking 

place in the PC3 cells treated with MnTE-2-PyP.

Cys residues in proteins can act as sensors of H2O2, providing cells with a mechanism for 

sensing and responding to changes in the redox environment [40]. The reversibility of some 

of these oxidative protein modifications makes them ideally suited to take on regulatory 

roles in protein function. This is especially true for disulfide bond formation, which has the 

potential to mediate extensive yet fully reversible structural and functional changes, rapidly 

adjusting the protein’s activity to the prevailing oxidant levels [41]. H2O2 sensors, including 

some transcription factor and transcriptional coactivators contain exposed and reactive 

cysteine residues. Transcription factors, CREB and HIF-1, alter many signaling pathways in 

cells, and contribute to cancer progression by regulating key genes expression, which 

associate with cell proliferation, invasion, and angiogenesis. Some studies have shown that 

CREB and HIF-1 are both redox-sensitive primarily through cysteine residues present in 

DNA binding domain [42, 43]. In addition, the co-activator p300, which promotes 

transcription by connecting transcription factors to the basal transcriptional machinery, is 

also reported to contain cysteine residues in its functional domain [44]. In order to determine 

which transcription factor or co-activator is been oxidized by MnTE-2-PyP, a protein 

oxidation experiment was performed. Although target proteins CREB, HIF-1α, and HIF-1β 
were not detected by this assay, p300 was clearly oxidized by MnTE-2-PyP. We speculate 

that CREB and HIF proteins are present at too low of concentrations to detect by this 

methodology.

p300 is a 300 kDa protein, which has different functional domains: a histone 

acetyltransferase (HAT) domain, a bromodomain, a KIX domain, a C-terminal glutamine-

rich domain and three cysteine-histidine rich domains (CH1, CH2, CH3). All of these above 

functional domains enable p300 to act as a powerful adaptor molecule interacting with a 

wide array of transcription factors and co-factors [45]. CH1, CH2 and CH3 are all 

homologous Zn2+ binding domains of p300 containing numerous cysteine and histidine 

residues [46]. With few exceptions, the CH1 and CH3 domains bind different sets of 

transcription factors despite their predicted structural similarity, but CH2 region is 

structurally unrelated to the CH1 and CH3 domains [46]. From this study, it is clear that 

oxidation of p300 by MnTE-2-PyP could result in reduced binding of p300 transcriptional 

complex to the promoter region of PAI-1 gene. But we still do not know which domains of 

p300 might be oxidized. Cysteine-histidine rich domains CH1 and CH3 have been shown to 

be very important for interaction with transcription factor p53, HIF-1 [44, 47]. However, we 
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have previously shown that MnTE-2-PyP treatment does not interfere the binding between 

p300 and CREB/HIF-1 transcription factors [13], so it is not likely to be oxidized in these 

domains. The p300 CH2 region has been predicted to contain a plant homeodomain (PHD) 

and Ragvin et al. have shown that the CH2 region is required for chromatin binding [48]. 

Therefore, we postulate that MnTE-2-PyP may be oxidizing p300 in CH2 domains, and 

cause a conformational change resulting in reduced binding of transcriptional complex to 

DNA, which is consistent with our previous data [1313]. However, more experiments need 

to be done to prove this hypothesis.

In summary, we have shown that MnTE-2-PyP treatment induces redox effects, which can 

be mimicked by SOD1 overexpression. Furthermore, we show that catalase overexpression 

blocks the ability of MnTE-2-PyP to oxidize thiols. This is the first study to directly measure 

H2O2 levels after MnTE-2-PyP treatment, indicating that MnTE-2-PyP alone produces high 

levels of H2O2, specifically in the nucleus. Most importantly, this study advances our 

understanding of redox regulation for manganese porphyrins. In this paper, MnTE-2-PyP has 

been found to function as a redox regulator through post-translational modification of 

critical proteins at cysteine thiols. These studies are crucial in determining how MnTE-2-

PyP regulates redox signaling and alters the behavior of cancer cells. Understanding how 

MnTE-2-PyP works can lead to the development for the treatment of prostate cancer.
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PAI-1 Plasminogen activator inhibitor-1

ROS Reactive oxygen species

HRE Hypoxia-response element

SOD1 Superoxide dismutase 1

HIF-1 Hypoxia-inducible factor-1

CREB cAMP response element-binding protein

ChIP Chromatin immunoprecipitation

ARNT Aryl hydrocarbon receptor nuclear translocator

CAT catalase

NucPE1 Nuclear peroxy emerald 1
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Highlights

• We show that MnTE-2-PyP treatment mimics the activity of Cu/ZnSOD 

overexpression. Furthermore, we show that catalase overexpression blocks 

MnTE-2-PyP activity.

• MnTE-2-PyP treatment alone produces high levels of hydrogen peroxide, 

specifically in the nucleus.

• MnTE-2-PyP oxidizes protein thiols and this can be reversed with catalase 

overexpression.

• These studies are crucial in determining how MnTE-2-PyP regulates redox 

signaling and alters the behavior of cancer cells. Understanding how 

MnTE-2-PyP works can lead to the development for the treatment of prostate 

cancer.

Tong et al. Page 20

Free Radic Biol Med. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Expression and subcellular localization of overexpressed antioxidant proteins, SOD1 
and catalase
PC3 cells treated with different MOIs of adenovirus containing SOD1 or catalase. Western 

blot expression in the cytoplasmic and nuclear fraction of human PC3 cells for SOD1 (A) or 

catalase (B). Histone 1 was used as nuclear marker. Note: 30 μg of cytoplasmic homogenate 

proteins and 20 μg of nuclear homogenate proteins were used for western blotting. 

Subcellular localization of overexpressed SOD1 (C) and catalase (D) in infected cells. 3×104 

PC3 cells were treated with 200 MOI Ad5CMVSOD1 or Ad5CMVCAT, and samples were 

subjected to immunofluorescence microscopy. (Left) DAPI was used as a marker for nuclear 

staining. (Middle) Immunofluorescent microscopy of SOD1 or catalase using anti-SOD1 or 

anti-catalase antibody. (Right) Merged images. The cells were examined by a DM4000 B 

LED fluorescence microscope. Scale bar is 100 μm. Representative of three separate 

experiments.
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Figure 2. Recombinant adenovirus produces active SOD1 or catalase proteins
(A) Representative SOD1 activity gel. (B) Densitometric analysis of SOD1 activities with 

different MOIs. The mean OD of the reactive bands in the control group was normalized to 

1.0. (C) Representative catalase activity gel. (D) Densitometric analysis of catalase activity 

obtained with different MOIs. Catalase (1000 ng) from bovine liver used as a positive 

control. The mean OD of the reactive bands in the control group was normalized to 1.0. Data 

represent mean ± SD from 3 independent experiments. * p < 0.05, ** p < 0.01 compared to 

control group, as analyzed with ANOVA followed by two-tailed Student’s t-test.
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Figure 3. Effects of antioxidant proteins SOD1 and catalase on the expression of PAI-1 gene and 
the affinity of p300 association to DNA
(A) MnTE-2-PyP reduces PAI-1 gene expression with 20 Gy and 5 Gy of radiation. The 

gene expression levels of PAI-1 was measured by real-time PCR using the ΔΔCT method. 

18S was used as the housekeeping gene. (B) PAI-1 mRNA expression in PC3 cells 

overexpressing SOD1 or catalase. Cells were exposed to 20 Gy of radiation. 24 hours later, 

RNA was isolated from PC3 cells and relative levels of human PAI-1 mRNA were analyzed 

by quantitative RT-PCR using the ΔΔCT method. 18S was used as the housekeeping gene. 

(C) Affinity for p300 to the HRE binding site on PAI-1 gene promoter region changes after 

SOD1 and catalase transfection. (D) MnTE-2-PyP inhibits p300 binding to the PAI-1 

promoter in a dose dependent manner. Data represent mean ± SD from 3 independent 

experiments. * p < 0.05, ** p < 0.01 compared to control groups, as analyzed with ANOVA 

followed by two-tailed Student’s t-test.
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Figure 4. Various measurements of hydrogen peroxide levels following transfection with SOD1 or 
catalase adenovirus or treatment with MnTE-2-PyP with or without irradiation
(A) Detection of intracellular H2O2 in PC3 cells after transfection with SOD1, catalase 

adenovirus or treatment with MnTE-2-PyP. A 3-aminotriazole inhibition of catalase assay 

was performed to detect intracellular steady state levels of H2O2. (B) Intra and extracellular 

H2O2 levels measured by the ROS-GLO assay following MnTE-2-PyP treatment with or 

without 20 Gy radiation. (C) H2O2 levels measured by the ROS-GLO assay in PC3 cells 

treated with different doses of MnTE-2-PyP (1 μM, 10 μM and 30 μM). (D) Extracellular 

H2O2 concentration was measured by Amplex Red Hydrogen Peroxide Assay after 

transfection with SOD1, catalase adenovirus or treatment with MnTE-2-PyP. The mean 

H2O2 level in the blank control group was normalized to 1.0. Data represent mean ± SD 

from 3 independent experiments. * p < 0.05, ** p < 0.01 compared to control groups, as 

analyzed with ANOVA followed by two-tailed Student’s t-test.
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Figure 5. Nuclear localization and concentration of hydrogen peroxide levels
(A) Representative images of induced H2O2 in PC3 cells following MnTE-2-PyP treatment 

with or without catalase overexpression in the presence of radiation. Cells were imaged one 

hour post-radiation. Scale bar is 30 μm. (B) Integrated density analysis of H2O2 levels inside 

the nucleus with or without irradiation. The combined data is presented here as mean and std 

dev. ** p < 0.01, significance was determined with ANOVA followed by two-tailed 

Student’s t-test.

Tong et al. Page 25

Free Radic Biol Med. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. MnTE-2-PyP increased the oxidation of many proteins, including p300
(A) Total reduced thiols from whole cell lysates treated with or without MnTE-2-PyP. As a 

control, the lysates were treated with the reducing agent DTT and or oxidizing agent 

diamide (DIAM). (B) Thiol oxidation changes of whole proteins following catalase 

transfection in PC3 cells with or without MnTE-2-PyP treatment. (C) Measurement of 

reduced thiols present on p300 with or without MnTE-2-PyP. Biotinylated proteins were 

immunoprecipitated with streptavidin-agarose following by a p300 western blot. (D) 

Densitometric analysis of p300 western blots treated with or without MnTE-2-PyP. The 

mean OD of the reactive bands in the control group was normalized to 1.0. Data represent 

mean ± SD from 3 independent experiments. ** p < 0.01 compared to control group, as 

analyzed with ANOVA followed by two-tailed Student’s t-test.
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