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Abstract

To improve radiation therapy-induced quality of life impairments for prostate cancer patients, the
development of radio-protectors is needed. Our previous work has demonstrated that MnTE-2-PyP
significantly protects urogenital tissues from radiation-induced damage. So, in order for MnTE-2-
PyP to be used clinically as a radio-protector, it is fully necessary to explore the effect of MnTE-2-
PyP on human prostate cancer progression. MnTE-2-PyP inhibited prostate cancer growth in the
presence and absence of radiation and also inhibited prostate cancer migration and invasion.
MnTE-2-PyP altered p300 DNA binding, which resulted in the inhibition of HIF-1p and CREB
signaling pathways. Accordingly, we also found that MnTE-2-PyP reduced the expression of three
genes regulated by HIF-1p and/or CREB: TGF-p2, FGF-1 and PAI-1. Specifically, MnTE-2-PyP
decreased p300 complex binding to a specific HRE motif within the PAI-1 gene promoter region,
suppressed H3K9 acetylation, and consequently, repressed PAI-1 expression. Mechanistically, less
p300 transcriptional complex binding is not due to the reduction of binding between p300 and
HIF-1/CREB transcription factors, but through inhibiting the binding of HIF-1/CREB
transcription factors to DNA. Our data provide an in depth mechanism by which MnTE-2-PyP
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reduces prostate cancer growth and metastasis, which validates the clinical use of MnTE-2-PyP as
a radio-protector to enhance treatment outcomes in prostate cancer radiotherapy.

Keywords

MnTE-2-PyP; p300; PAI-1; HIF-13; CREB

INTRODUCTION

Of the individuals diagnosed with prostate cancer, roughly half will undergo radiotherapy as
treatment [1]. Although radiation effectively kills most prostate tumor cells, cancer cells that
survive radiation therapy become more aggressive and are difficult to treat. Surviving
prostate cancer cells after irradiation are more oxidatively stressed [2]. High levels of
reactive oxygen species (ROS) drive both tumor survival and migration. Thus, the redox
environment in the prostate tumor plays a crucial role in both the survival and ability of the
tumor to metastasize.

Accordingly, emerging evidence indicates that oxidative stress may trigger plasminogen
activator inhibitor-1 (PAI-1) activation [3]. PAI-1, a major physiologic inhibitor of
urokinase-type and tissue-type plasminogen activators, has been reported to promote cancer
progression. High tumor PAI-1 protein expression is associated with poor survival in several
forms of cancer and is a strong independent prognostic factor in prostate cancer, with
elevated levels forecasting shorter recurrence-free and overall survival [4, 5]. Although the
PAI-1 activity can be modified at the protein level, the regulation of PAI-1 is achieved
mainly by altering the rate of PAI-1 gene expression [6]. Several transcription factors (e.g.
CREB, HIF-1a) and co-activator proteins (e.g. p300) of PAI-1 are also activated by
fluctuations of the intracellular ROS level [7-9]. Furthermore, recent evidence suggests that
oxidative stress may upregulate gene expression by enhancing histone acetyltransferase
(HAT) activity of p300. In fact, ROS can enhance complex formation between p300 and
transcription factors to facilitate activator-dependent transcription via interactions with basal
transcriptional machinery [9]. Thus, alteration in ROS level may regulate gene expression
through modulation of transcription factors and co-activator proteins in a redox sensitive
fashion, which ultimately affect cancer progression.

MnTE-2-PyP (chemical name: Manganese (111) Meso-Tetrakis-(N-Ethylpyridinium-2-yl),
which has 5 plus charges (this is omitted through the manuscript for simplicity), scavenges
ROS, including superoxide [10]. We have previously published that MnTE-2-PyP protects
the urogenital region from radiation damage. In particular, MnTE-2-PyP protects from
erectile dysfunction and testicular atrophy after radiation exposure to the urogenital region
[11]. However, there have been no in depth studies conducted to determine the effect of
MnTE-2-PyP on human prostate tumors.

The current study was undertaken to determine the effects of MnTE-2-PyP on human
prostate cancer progression. This is the first study to demonstrate that MnTE-2-PyP inhibits
human prostate cancer cell progression with radiation. We then focused on the mechanisms
by which MnTE-2-PyP inhibits prostate cancer. We determined MnTE-2-PyP alters p300
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transcriptional complex binding to DNA and inhibits acetylation of histones. Additionally,
MnTE-2-PyP inhibits CREB and HIF-1p signaling and reduces PAI-1 expression. These
studies are crucial in determining how MnTE-2-PyP can be better used as a radio-protector
and radio-sensitizer for the treatment of prostate cancer radiotherapy.

MATERIALS AND METHODS

Cell lines and growth

Three human prostate cancer cell lines were used: PC3, DU145, and LNCaP. All three were
purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). PC3 and
LNCaP cells were cultured in RPMI-1640 media containing L-glutamine, 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin. DU145 cells were cultured in Minimum
Essential Medium Eagle containing Earle’s salts, L-Glutamine, 15% FBS and 1% penicillin/
streptomycin. All cell lines were maintained at 37°C and in 95% air and 5% CO,.

Clonogenic assay

PC3, LNCaP, and DU145 cells were treated with MnTE-2-PyP (0-30 uM) overnight prior to
irradiation. PC3 and DU145 cells were exposed to 5 Gy of radiation and LNCaP cells were
exposed to 2 Gy. One hour after irradiation, the cells were harvested and re-plated in
triplicate in six well plates. The plates were incubated at 37°C for up to 2 weeks while
clones formed. The cells were fixed in 4% formalin and stained with 0.5% crystal violet
dissolved in 25% methanol. The plates were rinsed with ddH,0, dried and counted. Plating
efficiency for control (0 Gy/0 um MnTE-2-PyP) was calculated as the ratio of clones
counted to the total number of cells plated. The control was set to 100 and all experimental
groups were normalized to control.

Soft agar assay

All cells were treated with MnTE-2-PyP (0-30 uM) overnight prior to irradiation. PC3,
DU145, and LNCaP cells were exposed to 2 Gy of radiation. One hour after irradiation, the
cells were counted and then suspended in 1.5% DNA grade agarose + media which were
subsequently plated atop a 6.0% agarose + media base in a 6 well plastic plate. The plates
were incubated at 37°C while clones formed. The plates were incubated overnight in 0.5%
crystal violet dissolved in 25% methanol and clones were counted. Plating efficiency was
calculated using the formula stated previously.

Migration assay

Cells were incubated and treated with 0 or 30 uM MnTE-2-PyP overnight. Cells were
trypsinized, washed, counted and re-suspended in media without FBS. The serum-starved
cells were re-plated on a PET track-edged membrane, pore size 8.0 um (Fisher Scientific,
Pittsburg, PA, USA) set inside the well of a six well plate at a concentration of 1.0 x 10°
cells/well. The membrane was situated between a top chamber containing media without
serum and a bottom chamber filled with serum media. Cells were allowed to migrate across
the membrane for 48 hours. The cells and media were isolated from the top and bottom
chambers and enumerated.
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Invasion assay

Real-time impedance-based cell invasion assays were carried out using the xCELLigence
system (Roche Applied Science, Indianapolis, IN). Cells were serum-starved, trypsinized,
washed with PBS, and resuspended in serum-free medium. The top chamber wells of the E
16 plates were coated with Matrigel (1:20; BD Biosciences, San Jose, CA) and cells
incubated for 4 h. The bottom chamber wells contained medium with 10% FBS, used as a
chemo-attractant, and the wells with no serum were used as the negative controls. Roughly
40,000 cells were subsequently seeded onto the Matrigel, and cell invasion was measured.

Histone acetyltransferase (HAT) activity assay

Nuclei were isolated from PC3 cells 1 hour post-radiation using the NXTRACT CelLytic
NuCLEAR Extraction Kit (Sigma, St. Louis, MO). Protein concentrations of the nuclear
extracts were determined by the Bradford method. Equal amounts of nuclear extract protein
(~5 ug) were analyzed for HAT activity using the EpiQuick Activity/Inhibition Assay Kit
(Epigetek, Farmingdale, NY) according to manufacturer’s suggestions.

P300 activity assay

The Histone Acetyltransferase Assay Kit (Active Motif, Carlsbad, CA) was used according
to manufacturer’s suggestions.

CREB activity assay

Nuclei were isolated from PC3 cells 1-24 hours post-radiation using the NXTRACT
CelLytic NuCLEAR Extraction Kit (Sigma). Protein concentrations of the nuclear extracts
were determined by the Bradford method. Equal amounts of nuclear extract protein (~5 ug)
were analyzed for CREB activity using the TransAM CREB Transcription Factor Assay Kits
(Active Motif) according to manufacturer’s suggestions.

Apoptosis assay

PC3 cells were treated with MnTE-2-PyP overnight prior to irradiation of 20 Gy. Cells were
harvested 48 hours after irradiation, fixed with 4% paraformaldehyde for 30 minutes. The
cells were TUNEL stained using the In Situ Cell Death Detection Kit, Fluorescein (Roche,
Mannheim, Germany) and then analyzed by fluorescence-activated cell sorter (FACS)
(FACScalibur; Becton Dickinson Immunometry Systems, San Jose, CA). Fluorescence data,
which indicated TUNEL positive cells, were collected on a log scale, with green
fluorescence measured at 530 nm. Data from 10,000 events (cells) were collected and
analyzed with CellQuest software (Becton Dickinson Immunometry Systems).

p300 Chromatin Immuno-precipitation (ChlP) assay followed by Next-gen sequencing
(ChIP-Seq) and analysis

PC3 cells were treated with or without 30um MnTE-2-PyP overnight, and then irradiated
with 20 Gy. One hour post-irradiation, cells were fixed, lysed (Active Motif ChIP-IT
Express #53008) and sheared for lon Proton ChlP-seq. DNA-protein complexes were
immunoprecipitated with an anti-p300 ChIP-grade antibody (Abcam #54984), and the
genomic DNA purified (Invitrogen Magnify ChlP Kit #49-2024). The isolated genomic
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DNA was processed for next-gen library construction using the lon Plus Fragment Library
Kit #4471252. Briefly, libraries were constructed and analyzed for size and quantity using
the High Sensitivity Bioanalyzer Kit (Agilent Technologies #5067-4626). The libraries were
then sequenced with the Life Technologies lon Proton, at the NJH Genomics Facility. Total
input control libraries were used to normalize ChlP-seq signals, enabling peak comparison
in the ChlPed samples. ChlP-sequencing reads were aligned to the human reference genome
(hg109) using lon Torrent Suite software. Peak-calling from aligned reads was performed
using the Model-based Analysis for ChIP-Sequencing (MACS2) software [12], comparing
p300 IPs to their respective total input controls. Peak significance was determined with a
false discovery rate cutoff of 0.001. Peaks found by ChlP-seq were associated with the
nearest gene by genomic location, using both the RefSeq, refGene, and UCSC known gene
models. The gene list was narrowed by sorting for genes with peak Q-value greater than 10.
Gene lists were converted to Ensembl annotation using Biomart and analyzed with
GATHER Duke Bioinformatics system [13]. All data is representative of at least two
biologically independent ChIP experiments.

ChIP assays were performed as described previously [14]. Briefly, after pretreatment with
MnTE-2-PyP (30 uM) overnight, PC3 cells were exposed to 20 Gy of radiation. One hour
later, 6.0 x 106 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), anti-
H3K9ac (Cell Signaling), or control 1gG overnight at 4°C, followed by precipitation with
protein A agarose beads. 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 five
putative HREs in the human PAI-1 gene promoter were: site 1 (—158 to —151 bp) (forward,
5'-GCACACACACACACACACACAT-3" and reverse, 5'-
TGTGGGCAGGAAATAGATGAAC-3"); site 2 (—194 to —187 bp) (forward, 5’-
CAGAAAGGTCAAGGGAGGTTC-3’ and reverse, 5'-
CTGCTCTGTGTGTGTACGTGTG-3"); site3 (—453 to —446 bp) (forward, 5’-
TCTTTCCTGGAGGTGGTCC-3’ and reverse, 5'-TTTGGCGAACCAGGTCAC-3'); site 4
(566 to —559 bp) (forward, 5'-GGGATGAGGGAAAGACCAAG-3" and reverse, 5'-
CAGCCACGTGATTGTCTAGGT-3"); site 5 (-681 to 674 bp) (forward, 5-
GTTGACACAAGAGAGCCCTCA-3" and reverse, 5'-TTGGTCTTTCCCTCATCCCT-3").
ChIP primers for human PAI-1 gene promoter acetylation testing were: (proximal, 0.1 to
-0.3 kb) (forward, 5'-GGCAGAGGGCAGAAAGGTCA-3" and reverse, 5’-
TGAACAGCCAGCGGGTCC-3"); (distal, —3.6 to —3.8 kb) (forward, 5’-
TGCCCAAGGATGGAATGTC-3 and reverse, 5'-TAGGAGGATCGCTTGAGCCT-3").
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Real-time Quantitative PCR

RNA was isolated from PC3 cells with the ZR RNA MicroPrep RNA isolation kit (Zymo
Research) according to the manufacturer’s protocol. For quantitative analysis of mMRNA
expression, comparative real-time PCR was performed with the use of Power SYBR Green
RNA-to-CT 1 step kit (Applied Biosystems). 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). The sequences for the amplification of
human TGFB2 were: 5"-CAGCACACTCGATATGGACCA-3’ (forward) and 5'-
CCTCGGGCTCAGGATAGTCT-3" (reverse). The sequences for the amplification of human
FGF1 were: 5"-ACACCGACGGGCTTTTATACG-3" (forward) and 5’-
CCCATTCTTCTTGAGGCCAAC-3” (reverse). 18S rRNA was used as an external
endogenous standard. The forward, 5'-CGGCTACATCCAAGGAA-3’, and reverse, 5’-
GCTGGAATTACCGCGGCT-3".

Co-immunoprecipitation (Co-IP) assay
Co-immunoprecipitation was performed as previously described [15]. Briefly, the nuclear
fraction was isolated from PC3 cells with the CelLytic NuCLEAR Extraction Kit (Sigma-
Aldrich), and 50 ug of nuclear protein extracts were then precleared by incubation with 30 pl
of a 50% slurry of protein A/G PLUS-Agarose beads (Santa Cruz) in a total volume of 250
ul, reconstituted with co-precipitation buffer (0.1% Triton X-100, 100 mM NaCl, 15 mM
EGTA, PMSF, and a proteinase inhibitor cocktail) at 4°C for 1 h with rotation. After
centrifugation the supernatants were removed and incubated with 2 pg p300 Ab (Santa Cruz)
at 4°C overnight with rotation. Protein A/G PLUS-Agarose beads (20 pl) were added and
incubated at room temperature for 1 h with rotation. The beads were washed with wash
buffer (0.1% Triton X-100, 50 mM Tris-Cl (pH 7.4), 300 mM NaCl, 5 mM EDTA) three
times. SDS-PAGE sample loading buffer was added to the beads, and then boiled. Proteins
were separated by SDS-PAGE, followed by western blotting with anti-p300 (Santa Cruz),
anti-CREB (Millipore), anti-HIF-1a. (BD Biosciences), or anti-HIF-13/ARNT (Cell
Signaling), and the protein bands were visualized by chemiluminescence (Thermo
Scientific).

Western blot

PC3 cells were harvested and nuclear extracts were separated by SDS-PAGE and transferred
to a polyvinylidene difluoride membranes (Life Technologies). After incubation with 5%
nonfat milk in TBST (10 mM Tris, pH 8.0, 150 mM NacCl, 0.5% Tween 20) for 1 hour, the
membrane was washed once with TBST and incubated with antibodies against CREB
(Millipore) (1:10000), HIF-1a (BD Biosciences) (1:500), or HIF-18/ARNT (Cell Signaling)
(1:2000) at room temperature for 1 h, or p300 (Santa Cruz) (1:200) at 4°C overnight.
Membranes were washed and incubated with a 1:10000 dilution of HRP-conjugated goat
anti-rabbit antibody (Life Technologies) for 1 hour. Blots were washed with TBST and
developed with an ECL detection system (Thermo Scientific).
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Electrophoretic mobility shift assay (EMSA)

PC3 cells were pretreated with 30 uM MnTE-2-PyP overnight, and then exposed to 20 Gy of
radiation. The nuclear proteins were isolated with the CelLytic NUCLEAR Extraction Kit
(Sigma-Aldrich), and its concentration was quantified with using Bradford reagent
(Amresco). The following oligonucleotide corresponding the sequence harboring the HRE
of human PAI-1 gene was synthesized: 5'-CTGACACTGCACGTCAGAAGGACA-3’ (the
element present in the promoter region is underlined). The oligonucleotides were end-
labelled using the Biotin 3" End DNA Labelling kit (Thermo Scientific). The EMSAs were
performed using the Light Shift Chemiluminescent EMSA kit (Thermo Scientific). A biotin-
labelled oligonucleotide (20 fmol) was incubated with 10 ug of nuclear protein extract for 20
minutes at room temperature in binding buffer. The binding complexes were resolved using
electrophoresis with a 6% DNA Retardation Gel (Invitrogen) and transferred to nylon
membranes (Thermo Scientific), UV cross-linked and visualized using the
Chemiluminescent Nucleic Acid Detection System (Thermo Scientific).

Statistical analysis

All experiments were conducted independently three or more times. Data are expressed as
the mean + standard deviation (SD). The statistical significance between different groups
was evaluated with ANOVA followed by Student’s £test, and a p < 0.05 was considered
statistically significant.

RESULTS

MnTE-2-PyP significantly inhibits prostate cancer cells growth, migration and invasion-
with or without irradiation

To identify the effect of MnTE-2-PyP on prostate cancer cell growth with or without
irradiation, we performed clonogenic assays on three different human prostate cancer cell
lines, PC3, LNCaP, and DU145 cells. These cells were treated with 0,1,10, or 30 pM
MnTE-2-PyP overnight prior to irradiation. PC3 and DU145 cells were exposed to 0 or 5 Gy
of radiation and LNCaP cells were exposed to 0 or 2 Gy. As shown in Fig. 1A, MnTE-2-PyP
significantly inhibited the cancer cells growth with or without irradiation. Complementarily,
soft agar assays were carried out as well to further confirm this effect. Consistent with the
results of the clonogenic assay, MnTE-2-PyP significantly inhibited the growth of these
prostate cancer cells in soft agar (Fig. 1B). To identify the effect of MnTE-2-PyP on prostate
cancer cell migration, we performed a migration assay on serum starved PC3, LNCaP, and
DU145 cells, which were incubated and pre-treated with 0 or 30 uM MnTE-2-PyP
overnight. Cells were allowed to migrate across the membrane for 48 hours. As shown in
Fig. 1C, a significant decrease in cancer cell migration was detected in LNCaP and DU145
cells treated with MnTE-2-PyP. In order for a tumor to metastasize, the cancer cells must
migrate and invade tissues [16]. Thus, we then tested whether MnTE-2-PyP suppressed
invasion of the prostate cancer cells. Cells were tracked in real time crossing matrigel using
an XCELLigence machine. The positive control wells contained medium with 10% FBS and
the wells with no serum were used as the negative controls. In Fig. 1D, a significant decrease
in PC3 and DU145 cancer cell invasion activity was detected by MnTE-2-PyP in a dose-
dependent fashion. LNCaP cells did not invade well through the matrigel, so the effect of
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MnTE-2-PyP on inhibition of invasion was inconclusive. Taken together, our data indicate
that MnTE-2-PyP inhibits tumor growth and the malignant behavior of prostate cancer cells
with or without irradiation.

MnTE-2-PyP does not activate the apoptosis pathway, but inhibits histone
acetyltransferase (HAT) p300 activity

To better understand how MnTE-2-PyP is inhibiting prostate cancer growth, we chose to use
PC3 cells as our model because they are the most aggressive human prostate cancer cell
tested and use the dose of 30 uM of MnTE-2-PyP because it produced the largest anti-tumor
effect. Defects in apoptosis inducing pathways contribute to neoplastic transformation,
progression and metastasis [17]. Furthermore, there have been other studies indicating that
MnTE-2-PyP works through apoptotic pathways [18, 19]. To explore the underlying
mechanisms by which MnTE-2-PyP inhibits prostate cancer cell malignant potential, we
performed a TUNEL assay to detect apoptotic PC3 cancer cells. As shown in Fig. 2A,
MnTE-2-PyP did not significantly enhance apoptosis; therefore, the drug must be working
through another mechanism(s).

It was observed that 96% of the genes in a pathway gene array were down-regulated by
MnTE-2-PyP in irradiated tumors (data not shown). This indicated that MnTE-2-PyP may
globally inhibit transcription. One protein family shown to regulate gene transcription is the
histone acetyltransferase (HAT) enzymes [20]. Cells were treated with MnTE-2-PyP or PBS
then radiated with 20 Gy. As shown in Fig. 2B, MnTE-2-PyP treated cells exhibited
significantly less HAT activity as compared to control cells following irradiation. p300 is the
only HAT enzyme shown to be redox sensitive and it has been reported that p300 expression
is increased in tumor cells and enhanced following radiation treatment [21]. In Fig. 2C, a
significant decrease of p300 HAT activity was detected in the presence of MnTE-2-PyP in a
dose-dependent fashion. MnTE-2-PyP (10 and 30 uM) significantly inhibited p300 HAT
activity as well or better than the known p300 HAT inhibitor, anacardic acid (15 uM). These
data suggested that MnTE-2-PyP does not activate apoptosis, but significantly inhibits the
p300 HAT activity.

MnTE-2-PyP alters gene expression of p300 associated transcription factors with or
without irradiation

In order to identify how MnTE-2-PyP potentially affects the genome-wide transcriptional
activity of p300 via altered chromatin association, we performed a p300 ChIP sequence
assay on irradiated PC3 cells treated with or without MnTE-2-PyP (Figure 3A). From the
Venn diagram, we found 6 genes associated with p300 without MnTE-2-PyP, 139 genes
associated with p300 with MnTE-2-PyP, and 58 genes associated with p300 that were not
affected by MnTE-2-PyP. Thus, MnTE-2-PyP significantly affected p300 associating with
150 gene promoters. Based on the analysis of the list of statistically-called ChIP-seq peaks
proximal to specific gene loci, we predicted that treatment with MnTE-2-PyP may reduce
the genome-wide DNA association of the HIF-1p and CREB transcription factors resulting
in reduced transcription of the associated gene loci. To further confirm the result of the
ChlIP-seq, we conducted real-time PCR for genes regulated by both CREB and HIF-1p:
TGF-p2, PAI-1 or FGF1. PC3 cells treated with 30 pm MnTE-2-PyP, followed by 20 Gy of
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radiation were harvested for RNA 24 hours after irradiation. Decreased expression of TGF-
B2, PAI-1 or FGF1 was observed in cells treated with MnTE-2-PyP with or without
irradiation, compared with control cells with or without irradiation (Fig. 3B). In addition, we
also repeated this real-time PCR assay using 5 Gy instead of 20 Gy. We found that 5 Gy also
caused these changes and that the addition of MnTE-2-PyP inhibited these changes (data not
shown). Thus, these data indicate that MnTE-2-PyP inhibits the expression of several genes
that are regulated by the p300/CREB/HIF-1p complex.

MnTE-2-PyP inhibits p300 association to the promoter region and reduces H3K9
acetylation of human PAI-1 gene locus

We then focused on the mechanism of the inhibitory effects of MnTE-2-PyP on human
PAI-1 gene transcription, as increased PAI-1 expression correlates with poor prognosis in
prostate cancer [22]. Based on TFSEARCH (http://www.cbrc.jp/research/db/
TFSEARCH.html) and MOTIF (http://motif.genome.jp/) database searches, there are five
putative hypoxia-response elements (HREs 1-5) identified in the promoter region of human
PAI-1 gene (Fig. 4A). Using an antibody against p300 and PCR primers covering each HRE
site, we performed a p300 ChIP-gPCR assay to test the binding of the p300 complex to this
PAI-1 gene promoter region. As shown in Fig. 4B, a significant decrease in association of
p300 with the HRE-II motif of PAI-1 gene promoter region was detected in cells following
MnTE-2-PyP treatment with or without irradiation. No changes of p300 association to the
other four HRE sites were observed after MnTE-2-PyP treatment in PC3 cells (data not
shown). p300 enhances transcription by acting as a bridge between transcription factors and
transcriptional machinery and by acetylating histones to make DNA more accessible for
transcription. We then determined whether the inhibition of gene transcription by MnTE-2-
PyP is also due to reduced acetylation of histones in the PAI-1 promoter. In a previous study,
H3K9 was shown to be regulated by p300 within the proximal promoter region of PAI-1
[23]. Consistent with these results, we detected a decrease of H3K9 acetylation within the
PAI-1 proximal promoter region (0.1 to 0.3 kb region) in cells following MnTE-2-PyP
stimulation by H3K9Ac ChlIP analysis. However, no change of H3K9 acetylation within the
PAI-1 distal promoter region (2.7 to 2.9 kb region) was observed with or without MnTE-2-
PyP treatment (Fig. 4C). Thus, MnTE-2-PyP can inhibit p300 binding to PAI-1 gene
promoter region and, at the same time, reduce H3K9 acetylation of human PAI-1 gene locus.

MnTE-2-PyP inhibits p300 transcriptional complex binding to the PAI-1 promoter region,
not due to interference of binding between p300 and CREB/HIF-1 transcription factors, but
through inhibition of these transcription factors to bind DNA

From the p300 ChIP data above, it is clear that MnTE-2-PyP inhibits p300 binding to the
promoter region of human PAI-1 gene. To determine the underlying mechanisms by which
MnTE-2-PyP inhibits p300 association to human PAI-1 promoter region, a co-IP assay was
performed using a p300 antibody to test whether less p300 transcriptional complex binding
to DNA was due to decreased binding of p300 to other transcription factors. After the p300
protein complex was pulled down, western blotting for CREB, HIF-1a., or HIF-13/ARNT
was performed. No changes of p300 binding to the transcription factors (CREB, HIF-1a and
HIF-1pB) were observed after MnTE-2-PyP treatment in PC3 cells with or without irradiation
(Fig. 5A). We then carried out a HIF-1a/B EMSA assay with biotin-labelled oligonucleotide
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corresponding to a HRE sequence of HIF-1. As shown in Fig. 5B and Fig. 5C, a significant
decrease of binding to the biotin-labelled target DNA was detected in cells following
MnTE-2-PyP stimulation with or without irradiation. Moreover, CREB activity analysis was
also performed in PC3 cells with or without MnTE-2-PyP treatment. As evident by CREB
activity assay in Fig. 5D, a significant decrease of CREB activity was detected after
MnTE-2-PyP post-treatment overnight in the presence of irradiation. Taken together, the
above data suggest that MnTE-2-PyP inhibits p300 transcriptional complex association to
PAI-1 promoter region, not due to the reduction of binding between p300 and CREB/HIF-1
transcription factors, but through inhibition of these transcription factors to bind DNA.

DISCUSSION

After irradiation, the surviving tumor cells have increased levels of ROS, which is thought to
drive cancer progression. In particular, superoxide drives HIF-1a expression, which
promotes tumor angiogenesis and ultimately tumor survival [24]. Radiation exposure also
leads to free radical-mediated oxidative damage to normal tissues leading to fibrosis. Thus,
scavenging superoxide in both normal and tumor cells following irradiation would protect
from radiation induced fibrosis and reduce tumor regrowth following radiation exposure.
Redox-active manganese porphyrins, such as MnTE-2-PyP, have been developed to be
potent scavengers of superoxide [25]. We have previously published that MnTE-2-PyP
protects the urogenital region from radiation damage. In particular, MnTE-2-PyP protects
from erectile dysfunction and testicular atrophy after radiation exposure to the urogenital
region [11].

In order for MnTE-2-PyP to be considered a good radio-protector for prostate cancer, the
drug cannot protect prostate tumor cells from radiation induced killing. In this study, we
found that MnTE-2-PyP inhibited human prostate cancer growth, migration and invasion /n
vitro. These findings are in accordance with previous work demonstrating that manganese
porphyrins do not protect prostate cancer cells from radiation injury [26, 27]. To our
knowledge, this is the first study to show that MnTE-2-PyP also inhibits migration and
invasion of prostate cancer cells.

We next wanted to determine how MnTE-2-PyP was inhibiting prostate cancer progression.
Based on preliminary gene array data, MnTE-2-PyP appeared to down regulate many genes.
Accordingly, we investigated whether MnTE-2-PyP reduced gene transcription by inhibiting
HAT activity. We determined that MnTE-2-PyP inhibited HAT activity and specifically
inhibited p300 HAT activity. To further investigate whether MnTE-2-PyP inhibited p300
activity, we performed a p300 ChiP-seq experiment. We found that MnTE-2-PyP
significantly alters p300 association with DNA. Based on the genes that were enriched with
p300 in the absence of MnTE-2-PyP but were no longer associated with p300 in the
presence of MnTE-2-PyP, it was predicted that MnTE-2-PyP was inhibiting HIF-1p and
CREB signaling pathways.

To confirm the p300 ChlP-seq analysis, we carried out a gRT-PCR assay for genes that are
involved in cancer progression and regulated by HIF-1 and/or CREB. We found that TGF-
B2, FGF-1 and PAI-1 were all inhibited in the presence of MnTE-2-PyP with or without
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irradiation. We decided to focus on the human PAI-1 gene, as it is not only critically
important to cancer growth and metastasis through promoting angiogenesis, enhancing
breakdown of extracellular matrix and inhibiting apoptosis of cancer cells, but also has a
simple promoter region [22].

The highly conserved cofactor p300 is an important component of the transcriptional
complex that participates in regulation both at the level of chromatin organization and
transcription initiation [28]. p300 mediates recruitment of basal transcription machinery to
the promoter of many genes, but unlike DNA-binding transcription factors, p300 does not
directly bind to DNA. To find the DNA-binding transcription factors associated with p300,
we performed a p300 ChIP assay for the promoter region of the human PAI-1 gene and
found that in the presence of MnTE-2-PyP, a significant reduction in association of p300 to
the hypoxia-response element (HRE) site Il was detected compared with the other four HRE
sites with or without irradiation (data not shown). CREB binds to certain DNA sequences,
thereby increasing or decreasing the transcription of the downstream genes. Just like CREB,
HIF-1 is also a key regulator, which is responsible for the induction of genes that facilitate
adaptation and survival of cells and the whole organism [29]. HIF-1, is a heterodimeric
complex consisting of a hypoxically inducible subunit HIF-1a and a constitutively
expressed subunit HIF-1p that binds to the HRE sequence. HIF-1p is also known as the aryl
hydrocarbon nuclear translocator (ARNT), which was originally identified as a binding
partner of the aryl hydrocarbon receptor, whereas HIF-1a expression and activity are tightly
regulated [29]. These proteins belong to the basic helix-loop-helix-Per-ARNT-Sim (bHLH-
PAS) protein family. The bHLH and PAS motifs are required for heterodimer formation
between the HIF-1a and HIF-1B subunits, and the downstream basic region affords specific
binding to the HRE DNA sequence [30]. Both HIF-1 and CREB can bind to the HRE of the
PAI-1 promoter [31, 32]; thus, it is not clear which transcription factor MnTE-2-PyP is
affecting in this model.

Changes in the acetylation state of chromatin-associated histones directly affect gene
expression [33, 34]. Acetylation is generally associated with activation of gene expression,
while deacetylation is associated with repression. These two processes are normally in a
dynamic equilibrium. p300 contains a catalytic HAT domain, which remodels chromatin to
“relax” its superstructure and makes DNA more accessible for transcription by acetylating
histones [28]. In this study, we detected a decrease of H3K9 acetylation within the PAI-1
proximal promoter region following MnTE-2-PyP stimulation by H3K9ac ChlIP analysis.
However, no change of H3K9 acetylation within the PAI-1 distal promoter region was
observed. Thus, MnTE-2-PyP can both inhibit the p300 protein complex from binding to the
PAI-1 gene promoter region, and at the same time reduce H3K9 acetylation of human PAI-1
gene locus.

There are two possible mechanisms by which MnTE-2-PyP inhibits H3K9 acetylation on
human PAI-1 gene promoter. First, as shown in the p300 HAT activity assay, MnTE-2-PyP
may directly inhibit p300 HAT activity. MnTE-2-PyP at low concentrations directly
inhibited p300 HAT activity as well or better than a known p300 inhibitor, anacardic acid. At
the present time, it is unclear how MnTE-2-PyP is inhibiting p300 HAT activity directly. We
explored the possibility that MnTE-2-PyP was structurally interfering with p300 binding to
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acetyl CoA. However, excess acetyl CoA did not change the ability of MnTE-2-PyP to
inhibit p300 HAT activity (data not shown). Conversely, we also added excess amount of
histones to determine if MnTE-2-PyP may interfere with the acetylation of the histone by
binding directly to the histone acetylation site. Again, we found no change in histone
acetylation in the presence of MnTE-2-PyP when there was an excess of histone substrate.
p300 has been reported to contain cysteine residues in its functional domain [35], thus, we
postulate that MnTE-2-PyP may be oxidizing p300 and causing a conformational change
resulting in reduced HAT activity. This has been speculated for curcumin, another
antioxidant enzyme that has been shown to significantly reduce p300 HAT activity [36, 37].
Second, since MnTE-2-PyP interferes with the DNA binding of p300 associated
transcription factors, this could result in the inability of p300 to interact with histones and,
therefore, acetylation of histones in the PAI-1 gene promoter region is reduced.

We have also determined that MnTE-2-PyP inhibits the p300 transcriptional complex
binding to the PAI-1 promoter region not due to interfering with the binding between p300
and CREB/-HIF-1 transcription factors, but through inhibiting the binding of these
transcription factors to DNA. The mechanism by which MnTE-2-PyP inhibits CREB/-HIF-1
binding to PAI-1 promoter region is not clear. We speculate that the transcription factors,
CREB and HIF-1, are both redox-sensitive primarily through cysteine residues present in
DNA binding domain [7, 8]. As a metalloporphyrin-based catalytic antioxidant, by
scavenging superoxide, MnTE-2-PyP could enhance local levels of hydrogen peroxide,
which would oxidize cysteine residues on the transcription factors and inhibit DNA binding
[38, 39]. In addition to making H,O, (via different pathways see details in refs [38, 39]),
MnTE-2-PyP could also use H,0, produced by irradiation to oxidize thiols. In agreement
with this rationale, it has previously been demonstrated that MnTE-2-PyP oxidizes the p50
[40] and p65 subunits [18] of NF-xB, which results in reduced DNA binding. Alternatively,
other metalloporphyrins have been reported to bind directly to specific DNA sequences and
potentially mask the transcription factor binding site [41]. Another manganese porphyrin,
MnTM-4-PyP, has been shown to bind to RNA and DNA [42]. MnTE-2-PyP consists of a
porphyrin ring with four positively charged pyridyl groups, which could bind to the
negatively charged phosphate groups in DNA. Experiments are currently underway to
further explore these possible mechanisms.

In summary, our data demonstrate a novel mechanism by which MnTE-2-PyP represses pro-
cancerous genes expression and inhibit prostate cancer growth, migration and invasion. As is
shown in Fig. 6, without MnTE-2-PyP, the p300 binding complex can directly bind to the
promoter region of human PAI-1 gene, acetylate the chromatin and promote PAI-1 gene
transcription. In the presence of MnTE-2-PyP, the p300 transcriptional complex no longer
binds to the promoter region of human PAI-1 gene, histone acetylation is reduced and thus
PAI-1 gene expression is down-regulated. This study provides a more in depth mechanistic
understanding of the mechanisms by which MnTE-2-PyP reduces prostate cancer growth
during prostate cancer radiotherapy. Thus, MnTE-2-PyP works as a unique radio-protector
of normal tissues that simultaneously enhances tumor killing. Using MnTE-2-PyP in
conjunction with radiation therapy could enhance treatment outcomes in patients undergoing
prostate cancer radiotherapy.
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Highlights

. MnTE-2-PyP combined with radiation further inhibits growth and metastasis
of human prostate cancer cells.

. MnTE-2-PyP inhibits p300 HAT activity and alters p300 transcriptional
complex binding to DNA.

. Specifically, MnTE-2-PyP reduces histone acetylation of the promoter of
PAI-1, which is regulated by HIF-1, CREB and p300.

. This is the first study to show that MnTE-2-PyP can epigenetically regulate
gene expression.
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Figure 1. The inhibition of MNTE-2-PyP on prostate cancer cells growth, migration and invasion
with or without irradiation

(A) PC3, LNCaP, and DU145 cells were treated with 0,1,10, or 30 pm MnTE-2-PyP
overnight prior to irradiation. PC3 and DU145 cells were exposed to 0 or 5 Gy of radiation
and LNCaP cells were exposed to 0 or 2 Gy. One hour after irradiation, the cells were
harvested and re-plated in triplicate in six well plates. After the clones formed, the colonies
were enumerated. (B) PC3, LNCaP, and DU145 cells were treated with 0,1,10, or 30 pm
MnTE-2-PyP overnight prior to irradiation. All cells were exposed to 0 or 2 Gy of radiation.
One hour after irradiation, the cells were counted and then suspended in 1.5% DNA grade
agarose + media which was subsequently plated atop a 6.0% agarose + media base. After the
clones formed, the soft agar colonies were enumerated. (C) Serum starved PC3, LNCaP, and
DU145 cells were incubated and treated with 0 or 30 uM MnTE-2-PyP overnight, then
plated on a filter to explore the effects of MnTE-2-PyP on prostate cancer cells migration
(right). Cells were allowed to migrate across the membrane for 48 hours. The cells and
media were isolated from the top and bottom chambers and then enumerated (left). (D) PC3,
LNCaP, and DU145 cells were serum-starved for 24 hours, then real-time impedance-based
cell invasion assays were carried out to explore the effects of MnTE-2-PyP on prostate
cancer cells invasion. The top chamber wells of the E 16 plates were coated with matrigel
and the cells were incubated for 4 hours. The bottom chamber wells contained medium as a
chemoattractant. Data represent mean + SD from 3 independent experiments. * p< 0.05, **
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p<0.01 compared to control, as analyzed with ANOVA followed by two-tailed Student’s #
test.
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Figure 2. MnTE-2-PyP does not activate the apoptosis pathway, but inhibits histone
acetyltransferase (HAT) p300 activity
(A) PC3 cells were treated with or without MnTE-2-PyP overnight prior to irradiation of 20

Gy. Cells were harvested 48 hours after radiation. The cells were TUNEL stained and
analyzed by fluorescence-activated cell sorting (FACS). (B) The nuclei were isolated from
PC3 cells 1 hour post-radiation, and nuclear proteins (5 ug) were analyzed for HAT activity
with or without MnTE-2-PyP. (C) The p300 HAT activity assay was performed with various
concentrations of MnTE-2-PyP (0-30 uM). The p300 activity inhibitor, anacardic acid (15
UM), was used as a positive control for p300 HAT inhibition in this experiment. Data
represent mean = SD from 3 independent experiments. * p < 0.05, ** p< 0.01 compared to
control, as analyzed with ANOVA followed by two-tailed Student’s ~test.
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Untreated Q>10 Union Q>10 Treated Q>10
Transcription Transcription Transcription
Factors P-Value Factors P-Value Factors P-Value
FREAC2 0.002 EBF 0.002 POU1F1 0.002
VBP 0.004 OCT1 0.002 PAXS 0.003
AP 0.005 AFP1 0.002 CEBP 0.004
CEBP 0.005 BRN2 0.007 E2F 0.004
PTF1b 0.006 HNF1 0.01 HNF4a 0.005
CreBP1 0.009 KROX 0.01 MRF2 0.008
E2F 0.02 AHR 0.01 MTATA 0.009
NFKB 0.02 HIF1 0.02 ELF1 0.01
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Figure 3. MnTE-2-PyP alters p300 association and specific gene expression with or without
irradiation

(A) PC3 cells were treated with or without MnTE-2-PyP (30 um) overnight prior to
irradiation of 20 Gy. One hour post-irradiation, the cells were fixed. Cells were ChlPed,
DNA was prepared for Next-Gen sequencing and then sequenced on a Life Technologies lon
Proton. Global p300 association in both cells with and without MnTE-2-PyP was analyzed
by ChlIP-Seq using MACS2. A Venn diagram of all the peak associated Ensembl genes that
passed multiple statistical tests for peak-gene analysis for the two conditions was generated
(up). The list of genes proximal to peaks enriched with a Q-value greater than 10 was
analyzed using GATHER Duke Bioinformatics System. The most significant transcription
factors and GO Terms are reported (down) in the cells without MnTE-2-PyP treatment. (B)
PC3 cells were treated with 30 uM MnTE-2-PyP overnight, and then exposed to 20 Gy of
radiation. 24 hours after irradiation, the cells were harvested and RNA was isolated from
PC3 cells. The gene expression levels of TGF-p2, PAI-1 and FGF1 were measured by real-
time PCR using the AACT method. 18S was used as the housekeeping gene. The primer sets
produced parallel curves with similar slopes. Data represent mean + SD from 3 independent
experiments. * p< 0.05, ** p< 0.01 compared to control, as analyzed with ANOVA
followed by two-tailed Student’s £test.
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Figure 4. MnTE-2-PyP inhibits p300 association to the promoter region and reduces H3K9
acetylation of PAI-1 gene locus

(A) The sequences of five potential HIF-1 binding sites on human PAI-1 gene promoter
region were shown. The canonical hypoxia-response element (HRE) sequence is
BACGTSSK: B = G/C/T, S = C/G, and K = G/T. (B) P300 binding to site Il on human PAI-1
gene promoter by MnTE-2-PyP with or without irradiation. PC3 cells were treated with 30
UM MnTE-2-PyP overnight, and then exposed to 20 Gy of radiation. 1 hour after irradiation,
the cells were harvested, followed by ChIP assay using anti-p300 and PCR primer covering
binding site 1l region of the PAI-1 gene promoter. (C) PC3 cells were treated with 30 pM
MnTE-2-PyP overnight, and then exposed to 20 Gy of radiation. 1 hour after irradiation, the
cells were collected and applied with ChIP analysis for H3K9 acetylation associated with
human PAI-1 promoter region. PCR primers covered different promoter regions relative to
transcription start site. Data represent mean + SD from 3 independent experiments. * p<
0.05, ** p< 0.01 compared to control, as analyzed with ANOVA followed by two-tailed
Student’s #test.
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Figure 5. MnTE-2-PyP inhibits p300 associaiton to PAI-1 promoter region, not due to the
disruption of binding between p300 and its associated transcription factors, but through
inhibiting the binding of transcription factors to DNA

(A) A co-IP for p300 binding to transcription factors, HIF-1a, HIF-1p and CREB, +
MnTE-2-PyP with or without irradiation. PC3 cells were treated with 30 um MnTE-2-PyP
overnight, and exposed to 20 Gy of radiation. 1 hour after irradiation, the nuclear protein
was isolated, followed by co-1P assay using a p300 antibody. (B) Representative HIF-1
EMSA. PC3 cells were pretreated with 30 UM MnTE-2-PyP overnight, and then exposed to
20 Gy of radiation. After the nuclei were isolated from PC3 cells, EMSA assay was
performed with biotin-labelled oligonucleotide corresponding the sequence harboring the
HRE of HIF-1a/p. Controls for the HIF-1 EMSA assay are also shown. The blank control
contained only biotin-labeled oligonucleotide and the negative control contained cold
HIF-1a/p oligonucleotide added to the EMSA reaction. (C) Densitometric analysis of HIF-1
EMSA blots treated by MnTE-2-PyP with or without irradiation. The mean OD of the
reactive bands in the control group was normalized to 1.0. (D) The nuclei were isolated from
PC3 cells 1, 6 and 24 hours post-radiation, CREB DNA binding was then analyzed with or
without MnTE-2-PyP using 5 pg nuclear protein. 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 #test.
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Figure 6. Proposed model of how MnTE-2-PyP effects PAI-1 expression
Without MnTE-2-PyP, the p300 binding complex can directly bind to the promoter region of

human PAI-1 gene, acetylate the chromatin and promote PAI-1 gene transcription. In the
presence of MnTE-2-PyP, with or without radiation, the p300 transcriptional complex no
longer binds to the promoter region of human PAI-1 gene, histone acetylation is reduced
and, thus, PAI-1 gene expression is down-regulated.
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