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Abstract

Eukaryotic cells maintain an immense amount of genetic information by tightly wrapping their
DNA around positively charged histones. While this strategy allows human cells to maintain more
than 25,000 genes, histone binding can also block gene expression. Consequently, cells express
histone acetyl transferases (HATS) to acetylate histone lysines and release DNA for transcription.
Conversely, histone deacetylases (HDACs) are employed for restoring the positive charge on the
histones, thereby silencing gene expression by increasing histone-DNA binding. It has previously
been shown that histones bind and silence viral DNA, while hyperacetylation of histones via
HDAC inhibition restores viral gene expression. In this study, we demonstrate that treatment with
Entinostat, an HDAC inhibitor, enhances transgene (luciferase) expression by up to 25-fold in
human prostate and murine bladder cancer cell lines when used with cationic polymers for
plasmid DNA delivery. Entinostat treatment altered cell cycle progression, resulting in a
significant increase in the fraction of cells present in the GO/G1 phase at low micromolar
concentrations. While this moderate GO/G1 arrest disappeared at higher concentrations, a modest
increase in the fraction of apoptotic cells and a decrease in cell proliferation were observed,
consistent with the known anticancer effects of the drug. DNase accessibility studies revealed no
significant change in plasmid transcriptional availability with Entinostat treatment. However,
quantitative PCR studies indicated that Entinostat treatment, at the optimal dose for enhancing
transgene expression, led to an increase in the amount of plasmid present in the nucleus in two
cancer cell lines. Taken together, our results show that Entinostat enhances polymer-mediated
transgene expression and can be useful in applications related to transient protein expression in
mammalian cells.
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Introduction

If all of the DNAwithin a single human cell (~6 x 10° base pairs) was stretched out end to
end, it would be nearly 2 m long (Annunziato, 2008). Since the diameter of most nuclei is
only ~6 um, this immense amount of DNA must be condensed by tightly wrapping it around
histone proteins inside the nucleus. Humans have four core histones (H2A, H2B, H3, and
H4) with positively charged tail domains that are rich in lysine and arginine residues that
facilitate DNA binding. Histone octamers (H2A,H2B,H3,H4,) initiate DNA condensation
by binding 147 base pairs of DNA to form nucleosomes. A special linker histone (H1) then
connects the nucleosomes to produce chromatin fibers (30 nm) that are condensed even
further into chromosomes (100-400 nm) during mitosis (Wolffe, 1999).

While DNA condensation allows cells to maintain vast amounts of genetic information,
histone binding can also physically block gene expression. Cells address this problem by
expressing a wide variety of enzymes that phosphorylate (Rossetto et al., 2012), methylate
(Kouzarides, 2002), ubiquitinylate (Bonnet et al., 2012), or acetylate histones to regulate
DNA binding and transcription (Bannister and Kouzarides, 2011). For example, histone
acetyl transferases (HATS) use acetyl CoA to acetylate and neutralize the charge of e-amino
groups on lysine residues, thereby releasing DNA for transcription. In contrast, histone
acetylation may be reversed by histone deacetylases (HDACs), which remove acetyl groups
to restore the positive charge and DNA binding activity of histones (Xhemalce et al., 2011,
Yang and Seto, 2007). HATs and HDACs are generally non-specific (Bannister and
Kouzarides, 2011), but HDACSs have been shown to form complexes with other proteins that
target deacetylase activity to specific DNA sequences (Hayakawa and Nakayama, 2011; Nan
etal., 1998). HDACs can also influence gene expression by deacetylating non-histone
proteins like NF-xB and other transcription factors (Glozak et al., 2005; Hasselgren, 2007).
Consequently, aberrations in HAT/HDAC activity have been implicated in several
neurodegenerative diseases (Kumar and Rinwa, 2012) and cancer (Ropero and Esteller,
2007).

Histone acetylation can also regulate expression of foreign DNA. Bishop et al. showed that
viral DNA is efficiently delivered to the nucleus, but it is then quickly bound and silenced by
histones within the densely packed centromeric heterochromatin. However, the HDAC
inhibitor trichostatin A (TSA) was able to restore viral gene expression (Bishop et al., 2006;
Poleshko et al., 2008). HDAC inhibitors have also been shown to bring viruses out of latency
(Archin et al., 2009; Danaher et al., 2005), while some viruses express proteins to
specifically inhibit HDACs (Gu and Roizman, 2007; Tang and Maul, 2003). Aside from
viral DNA, histones also bind bacterial plasmids with high affinity (Yaneva et al., 1995) and
form nucleosomes in vitro (Nakagawa et al., 2001). Purified histone proteins or synthetic
peptides with the cationic histone tail sequence have also been used for non-viral gene
delivery (i.e., histonefection)(Kaouass et al., 2006; Reilly et al., 2012).
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Since histones appear to significantly inhibit viral gene expression and bind plasmid DNA
(pDNA) in vitro, we hypothesized that HDAC inhibition could potentially enhance polymer-
mediated transgene delivery and/or expression. We have previously shown that inhibition of
the cytoplasmic HDAC6 with tubacin increases polymer-mediated transgene expression by
influencing intracellular plasmid trafficking on stabilized micro-tubules (Barua and Rege,
2010). In this study, we investigated the effects of Entinostat, a selective inhibitor of class 1
HDACs 1 and 3 (Hu et al., 2003). Previous studies with Entinostat have demonstrated that it
effectively inhibits HDACs in vivo, resulting in hyperacetylation of histones (Camphausen et
al., 2004) and expression of genes that were previously silenced (Duque-Afonso et al., 2011;
Kasman et al., 2007, 2012). Our results show that Entinostat significantly enhances polymer-
mediated transgene expression in both prostate and bladder cancer cells with moderate
effects on cell viability. Therefore, Entinostat treatment may be an effective way to enhance
transgene expression levels in transient systems.

Materials and Methods

Polymer Synthesis

The 1,4C-1,4Bis and PA8 polymers were synthesized using methods similar to our
previously published protocols (Barua et al., 2009; Potta et al., 2014; Vu et al., 2012).
Briefly, the epoxide groups of diglycidyl ether (DGE) monomers 1,4 cyclohexanedimethanol
DGE or ethylene glycol DGE, respectively, were reacted with polyamine monomers 1,4
bis(3-aminopropyl) piperazine and paromomycin, respectively, resulting in the formation of
cationic polymers with molecular weights (MWSs) >5,000 g/mol. Branched
polyethyleneimine (PEI, MW = 25,000 g/mol) was purchased from Sigma (St. Louis, MO),
and fresh stocks (50 ng/pL in HEPES buffer, pH 7.4) were prepared before every experiment
to obviate any effects due to storage. Structures of monomers for synthesis of in-house
polymers as well as the polymer structure for 25 kDa branched polyethylenemine are shown
in Supporting Information Figures S1-3.

Transfections in the Presence of Entinostat

Entinostat was kindly provided by Syndax Pharmaceuticals of Waltham, MA through an
agreement with the Cancer Therapeutics Evaluation Program (CTEP) at NIH. Stocks were
prepared in DMSO at concentrations ranging from 60 uM-20 mM and frozen at —80°C until
needed. Human prostate (PC3 and PC3-PSMA) and murine bladder (MB49) cancer cells
were seeded onto 24-well plates at a density of 50,000 cells per well with 500 uL. RPMI
(PC3 and PC3-PSMA) or DMEM (MB49) containing 10% heat-inactivated fetal bovine
serum (FBS), 100 units/mL penicillin, and 100 mg/mL streptomycin. The PC3-PSMA cell
line, derived by transducing PC3 cells for stable expression of the Prostate Specific
Membrane Antigen (PSMA) receptor, was a generous gift from Dr. Michel Sadelain
(Memorial Sloan Kettering Cancer Center, New York, NY) (Gong et al., 1999). All cell lines
were incubated overnight (~18-20 h) at 37°C, and the serum-containing media (SCM) was
replaced with serum-free media (SFM) immediately prior to transfection (except in the case
of transfections performed in the presence of SCM). Polyplexes were prepared by incubating
cationic polymers (1,4C-1,4Bis, PEI, or PA8) with pGL3-Control (luciferase reporter gene,
Promega, Madison, WI) or pEGFP-C1 (enhanced green fluorescent protein or EGFP
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reporter gene, Clontech, Mountain View, CA) plasmid DNA. The concentration of plasmid
DNA was kept constant at 200 ng/well, while the polymer:pDNA mass ratio varied for each
polymer (PEI = 1:1, 1,4C-1,4bis = 10:1, PA8 = 50:1), depending on their previously
determined optimal concentrations (Potta et al., 2014). Polyplexes and different doses (0,
0.33,1, 3.3, 10, 33, and 100 uM) of the HDAC inhibitor Entinostat were simultaneously
added to the cells while a constant DMSO (for solubilizing the drug) concentration of 0.5%
(v/v) was employed in all cases. Following 6 h of incubation at 37°C with the polyplex and
drug, serum-free media was exchanged with serum-containing media containing the
corresponding Entinostat concentrations. The cells were then incubated at 37°C for an
additional 48 h to allow for transgene expression. Transfections with 0 UM Entinostat with
or without 0.5% DMSO were also performed as controls, and 0.5% DMSO was found to not
have any significant effects on transgene expression efficacy (data not shown).

Luminescence Assay and Fluorescence Microscopy

Luciferase expression was quantified using the Luciferase Assay Kit from Promega. At 48 h
after transfection, cell culture media was removed from each well, and the cells were washed
once with phosphate- buffered saline (PBS) before adding 150 pL of the cell culture lysis
reagent (Promega) to each well. The wells were then incubated at 37°C for 20 min to ensure
complete cell lysis. Cell lysates (15 L) were then mixed with luciferin solution (30 uL) and
luminescence (LUM) was immediately measured using a Synergy 2 plate reader (Biotek,
Winooski, VT). Luminescence values were divided by cell viability to obtain LUV values to
account for differences in cell viability. Relative LUV (RLUV) values were then obtained by
dividing by the LUV of each sample by the LUV of the polyplex control, which only
consisted of the corresponding polymer (PEI, 1,4C-1,4Bis, or PA8) and plasmid DNA (i.e., 0
mM Entinostat). Therefore, the RLUV values presented here account for changes in cell
density (e.g., a condition with luminescence similar to the control but with 50% viability
will be multiplied by a factor of two) and illustrate the degree of enhancement for each
condition relative to the control. Following transfections with the pEGFP-C1 plasmid, cells
were examined with a Zeiss fluorescence microscope to visualize EGFP expression. All
images were acquired within areas of 90-100% confluence near the center of each well.

MTT Cell Viability Assay

Cell viability was quantified using 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), a yellow reagent which is converted to formazan (a purple dye) by living
cells. This assay is a commonly used indicator of metabolic activity, which indirectly reports
for cell viability. The MTT reagent was added to the cells (37°C for 2 h) and then a
detergent from the kit (ATCC, Manassas, VA) was used to lyse the cells (additional 2 h). The
formazan concentration was then quantified using by measuring the absorbance of the
sample at 570 nm (Asg7g), and cell viability was calculated by dividing the Ag7g value of
each sample by the As7q value of the live cell control (no drug or polyplex added).

Cell Cycle Analysis

Cell cycle analysis was carried out by staining genomic DNA with propidium iodide (PI)
with a few modifications of methods previously described in the literature (Krishan, 1975;
Pozarowski and Darzynkiewicz, 2004). Briefly, PC3-PSMA human prostate cancer cells
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were seeded in 6-well plates at a density of 150,000 cells/well and cultured in the presence
of 0.5% DMSO. The cells were treated with 0, 3.3, or 33 M Entinostat for 48 h. Cells were
harvested for flow cytometry analysis via trypsinization, rinsed once with PBS, and fixed
with 70% EtOH. Cells were then permeabilized in a 0.001% Triton x solution, washed again
in a PBS/FBS solution, and resuspended in a staining solution containing 5% FBS, 50
pg/mL PI, and 100 pg/mL RNase A for final flow cytometry analysis using an Attune®
Acoustic Focusing Cytometer (Thermo Fisher Scientific, Waltham, MA). The distribution of
cells in each phase of the cell cycle was then determined by measuring the intensity of Pl
fluorescence within each cell (<1 x fluorescence = apoptotic/Sub G, 1 x fluorescence =
Go/G1, 1-2 x fluorescence = S, 2 x fluorescence = G,/M). Dead cells, as determined via a
forward scatter versus side scatter plot, were gated out of the analysis. Thus, cells denoted as
apoptotic were alive at the time of analysis. Fluorescence intensity was detected using the
BL3 channel, through a 640 nm long-pass filter.

Quantification of DNase Accessibility and Plasmid DNA in Target Cell Nuclear Fraction

We investigated the presence and availability of plasmid DNA in the nuclear fraction of cells
using methods described below.

Genomic DNA Extraction—Genomic DNA (gDNA) was extracted from PC3-PSMA
cells to test primer specificity against pGL3 plasmid DNA, in the presence of target cell
genomic DNA. Extraction was carried out using a phenol: chloroform:isoamyl alcohol (iaa)
technique. Briefly, cells were trypsinized, washed and lysed. Cell content was then isolated
via extraction with a 25:24:1 phenol-chloroform-iaa buffer (Sigma). A second extraction was
carried out with chloroform, and trace amounts of chloroform were subsequently evaporated
at 55°C. DNA was precipitated overnight using a sodium acetate/EtOH mixture, and
resuspended in TE buffer (10 mM Tris-HCI pH 8.0, 1 mM EDTA).

All primers, designed against the promoter or luciferase (/uct) gene region of the pGL3
plasmid, were purchased from Integrated DNA Technologies (Coralville, IA). The sequences
of the forward and reverse primers for the four regions on the plasmid, denoted 1-4, are as
follows (5'-3"):

Forward 1—GGTACCGAGCTCTTACGCGTGC

Reverse 1 —CGGGATGGGCGGAGTTAGGG

Forward 2—CAGAAGTAGTGAGGAGGCTTTTTTGGAC
Reverse 2—TATGTTTTTGGCGTCTTCCATGGTGGC
Forward 3—GCTTTTACAGATGCACATATCGAGGTGG
Reverse 3—GTATTCAGCCCATATCGTTTCATAGCTTC
Forward 4—CGAAATGTCCGTTCGGTTGGCAGAAG

Reverse 4—GCATAAAGAATTGAAGAGAGTTTTCACTGCATAC.
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Region 1 mostly consists of the upstream portion of the S\V40 promoter, region 2 bridges the
promoter region as well as the upstream region of the /uc+ gene, covering portions of both,
and regions 3 and 4 are located entirely on the /uc+ gene. Endpoint PCR was carried out
against both the pure pGL3 plasmid template as well as against PC3-PSMA gDNA using all
pGL3 primer pairs. Agarose gel electrophoresis analyses were carried out on PCR products
to validate the efficacy and specificity of the pGL3 primers.

Nucleosomal DNA Purification—PC3-PSMA and PC3 cell nuclei were extracted using
the EZ Nucleosomal DNA Prep Kit (Zymo) and purified nuclear DNA was treated with
DNase following 48 h of transfection. Transfections were carried out with the pGL3 plasmid
complexed with 1,4C-1,4Bis polymer, in the presence or absence of 33 UM Entinostat, as
described above. Isolated nuclei were then either treated with Atlantis dsDNase (0.4
Units/100 pL, per kit instructions, resulting in cut DNA), or equivalent volume 1xPBS
(resulting in uncut DNA). Nucleosomal DNA (cut and uncut) were then isolated using spin
columns, supplied with the EZ Nucleosomal DNA Prep kit. The spin columns efficiently
(70-90%) capture DNA 75 bp to 10 kb, which is a relevant size range for the pGL3 plasmid.

gPCR Experiments and Analysis—Quantitative PCR (qPCR) experiments were carried
out on DNA isolated from the nuclear fraction of PC3-PSMA or PC3 cells, using the primers
described above. Detection of fluorescence accumulated by amplified, double stranded DNA
was carried out using SYBR® Green Master Mix (Life Technologies). PCR reactions (15
mL volumes) were prepared in triplicate for each independent experiment as follows: 2 puL
template DNA (1/75 total cellular nucleosomal DNA extraction, or roughly 3.8 x 10% nuclei
for vehicle-control treated PC3-PSMA cells and 1.0 x 104 nuclei for Entinostat-treated PC3-
PSMA cells; PC3 cell counts were not quantified), 7.5 pL 2x SYBR Green Master Mix, 1.5
pL forward primer (0.57 pmol), 1.5 uL reverse primer (0.57 pmol), and 2.5 pL ddH-O.
Reactions were carried out in opaque white 96-well plates (Roche 04 729 692 001), and
thermal cycling was conducted in a Light Cycler® 480 PCR instrument (Roche). A pre-
incubation step was carried out for 5 min. at 95°C. Next, 45 amplification cycles were run:
denaturation at 95°C for 10 s, annealing at 58°C for 10 s, extension at 72°C for 10 s.
Fluorescence was recorded after each extension step. Melting analysis (95°C for 60 s, 40°C
for 120 s, 95°C at 0.19°C (sec'1) with fluorescence readings at 3 (sec™1)) of reactions with
and without DNA templates confirmed that 95-100% of the fluorescence signal was
associated with PCR amplicons rather than primer dimers. The Roche Light Cycler® 480
software was used for subsequent calculations of DNase accessibility and relative plasmid
content in the nuclear fraction.

Cp values (maximum y~value of the second derivative of fluorescence = y/cycle number = x)
for cells treated with Entinostat (E) or 0.2% DMSO (D) were used in DNase accessibility
calculations. Calculations were performed separately for every PCR-amplified region (Fig.
6). Cp (crossing point) values indicate the PCR cycle number at which fluorescence due to
amplification exceeds background fluorescence; thus, a lower C,, value indicates a greater
amount of target DNA template since fewer numbers of cycles are required to produce a
detectable fluorescence signal. The effect of DNase treatment on the purified nuclear DNA
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was quantified for cases with vehicle control (DMSQ) and Entinostat treatment, simply as
the difference in C, for DNA treated with DNase (C = cut) and without (UC = uncut):

DMSO: AC,, = C C

P.D,C P,D,UC

Entinostat: AC,, = C

P.E.C P,E,UC

where each delta value represents the difference in intact DNA before and after DNase
treatment. A larger delta value indicates greater sensitivity to DNase, and thus indicates
greater accessibility. All delta values were normalized using the average DMSO control
value to test the hypothesis that relative to the DMSO control, Entinostat treatment increases
DNA accessibility:

DMSO: AAC,, = AC,, - AC

P,Davg

Entinostat: AAC,, = AC AC

P.E - P,Davg

where ACpp aygis an average of ACppacross all replicates. DNase accessibility can be
expressed as a fold-difference in the template DNA that remains after cutting by DNase for
all samples, relative to the DMSO control.

Normalized DNase Accessibility, DMSO = 2844Ce b

Normalized DNase Accessibility, Entinostat = 9AACrE

“Normalized DNase accessibility, DMSO” has an average value close to 1, since it is
normalized by its own average value (Fig. 6). “Normalized DNase accessibility, Entinostat”
values greater than 1 support the hypothesis that an increase in DNase accessibility is
associated with Entinostat treatment, while other values reject the hypothesis (Fig. 6).

Next, we used C, values from the uncut DNA samples to compare the amount of plasmid
DNA in the nuclear fraction of Entinostat-treated versus untreated (DMSO) cells. All values
were normalized using the average C, value for the DMSO control sample

DMSO: AC = C - C

P.D,UC P.Davg,UC P,D,UC

Entinostat: AC

P,E,UC P,.Davg,UC P,E,UC
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with fold-increase of plasmid in the nuclear fraction calculated as:

QACP,DA,UC

Normalized Plasmid in Nuclear Fraction, DMSO =

Normalized Plasmid in Nuclear Fraction, Entinostat = 2ACp 5,uc

“Normalized plasmid in nuclear fraction, Entinostat” values greater than 1 support the
hypothesis that greater plasmid uptake is associated with Entinostat treatment, while other
values reject the hypothesis (Fig. 7).

Enhancement of Luciferase Transgene Expression by Entinostat

The effects of Entinostat on plasmid transgene expression were investigated in three
different cell lines: PC3 and PC3-PSMA human prostate cancer cells and MB49 murine
bladder cancer cells. Enhancement of luciferase expression (relative luminescence, RLUV)
by Entinostat is shown on the left-hand side of Figure 1 and numerically in Table I. Note: In
terms of conventional RLU/mg units, all polyplex controls were approximately similar in
MB49 cells (1-5 x 108 RLU/mg), while PEI and PA8 polyplexes consistently resulted in
values that were 5-10 fold higher (1-10 x 108 RLU/mg) than 1,4C-1,4Bis polyplexes (0.2-1
x 108 RLU/mg) in both PC3 and PC3-PSMA cells under these conditions.

While Entinostat consistently enhanced luciferase expression for all conditions tested, some
significant differences were observed between polymer delivery vehicles (PEI, 1,4C-1,4Bis,
and PA8) and cell lines. For example, the highest enhancement of luciferase expression by
Entinostat was observed with PEI in PC3 cells (24.8 + 4.8 fold enhancement). In the same
cell line (PC3), however, enhancement was 2-3 times lower with 1,4C-1,4Bis (11.2 + 7.6
fold) and PA8 (7.6 + 3.0 fold) polymers. Similar results were observed in the PC3-PSMA
cell line, with a twofold enhancement in luciferase expression observed in case of PEI (21.3
+ 3.3 fold) compared to the 1,4C-1,4Bis polymer (11.6 + 1.9 fold). However, enhancement
of PA8 polyplex transfection by Entinostat was much higher in PC3-PSMA cells (17.8 + 6.0
fold) than in PC3 cells (7.6 = 3.0 fold). In contrast, maximum enhancement in transgene
expression by Entinostat was reduced in MB49 cells to approximately similar levels (5.9-8.0
fold) for all polymers.

It is also interesting to note that the optimum concentration of Entinostat for transgene
expression was dependent on both the polymer and the cell line used. In the prostate cancer
cell lines, Entinostat demonstrated the highest enhancement for PEI and 1,4C-1,4Bis at a
concentration of 33 pM, while the highest average enhancement of PA8 polyplexes was
observed with only 10 uM Entinostat. The optimum concentration of Entinostat was even
lower in MB49 cells, but similar for all polymers tested (3.3 uM). Despite the minor
differences in activity, these results still clearly demonstrate that Entinostat is able to
enhance luciferase expression in different cell types and when different polymers are used
for plasmid DNA delivery.
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Effect of Entinostat on Cell Viability

The right-hand side column of Figure 1 shows the effects of Entinostat on cell viability
relative to live cell controls, which were not treated with any polyplexes or drug. As
expected, all polyplex controls (O uM Entinostat) decreased viability by about 10-20% (with
the exception of PEI in MB49, which had almost no effect on cell viability under the
conditions employed). Significant differences in Entinostat-induced reduction in viability
were observed between cell lines. PC3 cells only showed slight decreases in cell viability,
except at the highest concentrations of Entinostat (10-100 uM) with certain polymers (PA8).
In contrast, almost all concentrations of Entinostat significantly reduced PC3-PSMA cell
viability. In MB49 cells, Entinostat reduced cell viabilities to below 50% at concentrations
above 10 pM. In addition, higher concentrations of Entinostat (33—100 uM) caused
significant MB49 cell detachment, and even induced changes in PC3-PSMA cell
morphology (cells appeared thinner and stretched out). However, the type of polymer did not
appear to have any effect on Entinostat toxicity, indicating that synergistic toxicity between
the drug and polymers used in this study is unlikely.

Enhancement of Polymer-Mediated EGFP Expression by Entinostat

Figure 2 clearly shows enhancement of EGFP expression at 3.3-100 pM Entinostat in both
PC3 and PC3-PSMA cells. In the PEI polyplex control images, only a few PC3 and PC3-
PSMA cells are fluorescent; some dimly fluorescent cells are also present, but are difficult to
visualize. However, a drastic increase in the number of GFP+ cells is observed at Entinostat
concentrations above 1.0-3.3 pM. It is also interesting to note that transgene expression
enhancement by Entinostat can be observed after only 24 h, with similar effects at 48 h.
These results indicate that Entinostat can be used to enhance expression of different
plasmids and transgenes in cultured cells.

Effects of Entinostat on Polymer-Mediated Transgene Expression in Serum-Containing

Media

A comparison of the effects of Entinostat on luciferase expression in both serum-containing
media (SCM) and serum-free media (SFM) for PC3-PSMA cells is shown in Figure 3. The
baseline expression of luciferase with the PEI polyplex control decreased approximately
threefold in SCM relative to SFM, but statistically significant enhancement was still
observed at all concentrations of Entinostat tested (0.33-33 pM). The highest enhancement
by Entinostat in SCM (17-fold) was not significantly lower than the 23-fold enhancement
observed at the same Entinostat concentration in SFM. However, the toxicity of the PEI
polyplex was significantly lower in SCM relative to SFM. For example, the PC3-PSMA
cells were virtually unaffected by PEI polyplexes in SCM (100% viability), while the
viability of cells exposed to PEI polyplexes in SFM decreased to 88%. Likewise, cell
viabilities in SCM were approximately 12% higher than in SFM, but still significantly lower
than control viabilities for all concentrations of Entinostat.

Enhancement of Transgene Expression Relative to Change in Global Protein Expression

Due to the effects of Entinostat on chromosomal structure, it is possible that Entinostat
treatment increases global protein production. This necessitates an investigation into how
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increases in transgene expression might vary corresponding to any changes in global protein
expression levels. Interestingly, the fotal protein content in PC3-PSMA cells transfected with
1,4C-1,4Bis:pGL3 polyplexes did not change significantly with optimal Entinostat treatment
(33 uM) compared to DMSO (vehicle)-treated cells (i.e., absence of Entinostat). However, it
is important to note that with fewer cells present following 33 uM Entinostat treatment, the
total protein content per cell escalated as shown in Figure 4. This could be due to increased
acetylation of chromatin or possibly reduced cell growth rate and a concomitant alteration in
cell metabolism. However, the fold-increase in protein content per cell (approximately 2.8-
fold) with 33 uM Entinostat treatment did not nearly account for the fold-enhancement in
transgene expression observed per cell with inhibitor treatment (approximately 28-fold; cell
counts, RLU values, and protein content in Supporting Information Table I) (Fig. 4). This
result indicates that mechanisms in addition to changes in total protein content are likely
responsible for enhancement in transgene expression with 33 uM Entinostat treatment.

Cell Cycle Analysis

To determine the nature of the effects of Entinostat on cell viability and transgene
expression, we examined the effects of Entinostat on cell cycle progression in PC3-PSMA
cells (Fig. 5 and Table I1). Cells in the Gg and Gy (i.e., resting) phases of the cell cycle have
two sets of chromosomes, and have a fluorescence intensity of 2 x 108 following staining
with the DNA stain propidium iodide. Since cells in the G, and M phases have four sets of
chromosomes, they bind twice as much PI stain and exhibit fluorescence intensities of 4 x
108. Apoptotic cells with fragmented nuclei are seen in the sub Go/G; population with a
fluorescent intensity less than 2 x 106,

A majority of the control cells (treated with only 0.5% DMSO) were found to be in the
Go/G1 phase of the cell cycle (62%), while 28% of the cells were in the Go/M phase and
10% were in the S phase. Treatment with 3.3 UM Entinostat resulted in significant
accumulation (86%) of PC3-PSMA cells in the Go/G4 phase, with a concomitant decline in
both S and Go/M cells. Treatment with 33 uM Entinostat (the optimal tested dose for
transgene expression in PC3-PSMA cells) showed no significant Go/G, arrest, although a
modest (6.2%) increase in the apoptotic cell population was observed. These results have
some similarity to a previous study in which 1 pM Entinostat resulted in Go/G; arrest of
U397 human leukemic monocyte lymphoma cells, while a higher dose (5 uM) failed to
induce Gp/G, arrest, but did lead to a significant increase in apoptotic cell population
(Rosato et al., 2003). However, these results differ from a study in closely related PC-3 cells,
in which, Go/M arrest was reported by Entinostat (Khandelwal et al., 2008). Our results
indicate that the observed increase in transgene expression observed with 33 UM Entinostat
treatment is unlikely to be explained by cell cycle effects alone, but the GO/G1 arrest
observed at 3.3 uM and the modest increase in apoptotic cells at 33 pM correlate with the
observed decreases in cell viability at these concentrations.

DNase Accessibility With Entinostat Treatment

Positively charged deacetylated histones are tightly wrapped with negatively charged DNA,
while acetylation of histones removes the positive charge, disrupts DNA-histone binding,
and facilitates increased DNA availability for transcription. We hypothesized that treatment
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with Entinostat would, in part, increase transgene expression by reducing the binding of
DNA to histones, thereby increasing the availability for transcription. One way to indirectly
measure the availability of a region of DNA is by treatment with DNase, which cuts
“unprotected” or transcriptionally “accessible” DNA. This includes portions of the plasmid
that do not interact with histones in the nucleus. Thus, determination of amount/extent of
“cut” portions, for example, using gPCR, is an indication of how accessible the plasmid is
for transcription inside host cell nuclei. This approach has been previously applied to
elucidate the availability of promoter and other regions of chromosomal DNA (Anthony et
al., 2014; Lu et al., 2012; Shu et al., 2013). In our case, we applied this same principle, but
to exogenously delivered plasmid DNA, as opposed to host cell chromosomal DNA assayed
in these previous investigations. As stated previously, evidence suggests that plasmids do
form nucleosomes extracellularly, which motivated the use of this strategy for elucidation of
DNase accessibility in vitro.

We carried out gPCR analyses on purified PC3-PSMA nuclear DNA fractions for which, we
used primer pairs to amplify different regions around the /uct gene on the pGL3 plasmid;
control experiments with nuclei from untransfected cells were carried out in order to verify
that the PCR signal was exclusively from pGL3 plasmid DNA. The regions amplified using
gPCR include: a region on the /uct+ gene promoter (primer pair 1), a region bridging the
promoter and /uct gene (primer pair 2), and regions on the /uct gene (primer pairs 3 and 4)
(Fig. 6). Normalized DNase accessibility for each of the four explored regions in the
promoter and gene area are shown in Figure 6. The results are similar for each of the four
regions assayed in that no statistically significant change in DNase accessibility was
observed due to Entinostat treatment.

It is possible that plasmid DNA forms nucleosomes inside cells, and that Entinostat does not
strongly influence the transcriptional availability in the /uct promoter/gene region. It is also
possible that nucleosomes are not formed in cells, and the increase in transgene expression
observed with Entinostat treatment is due to changes in chromosomal availability (discussed
below). Additionally, there may be regions, upstream of the promoter that were not included
in the gPCR analyses, but may play a role in transcription factor binding.

Evaluation of Plasmid DNA Content in the Nucleus

In addition to analyzing the effect of Entinostat on DNase accessibility, we quantified the
relative fold change in plasmid content in the nuclear fraction of transfected PC3-PSMA and
PC3 cells following treatment with 33 pM and 10 uwith the latter including a portion of
theM Entinostat, respectively (Fig. 7). In PC3-PSMA cells (Fig. 7A), normalized plasmid in
nuclear fraction values of 2.8 £ 0.6 and 2.5 + 0.4 were observed with primer pair 1 and
primer pair 2 for the plasmid in the nuclear fraction; both primer pairs amplify regions
containing part of the SV40 promoter, with the latter including a portion of the /uc+ gene.
gPCR using primer pair 3 for amplification indicated the normalized plasmid levels to be 3.0
+ 0.7, while primer pair 4 yielded a value of 3.9 + 2.0 compared to the control; both of these
primer pairs amplify portions of the /uct+ gene (Fig. 7). In addition to PC3-PSMA cells,
these experiments were carried out in PC3 cells, in which a modest increase in pGL3
plasmid was detected in the nuclear fraction (Fig. 7B). As shown through PCR amplification
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of several portions close to/of the pGL3 SV40-/uct+ region, the presence of the exogenous
plasmid DNA in the nucleus is significantly enhanced by Entinostat treatment in two
different cell lines. These results indicate that the modest increase in plasmid present in cell
nuclei (~3.1-fold in PC3-PSMA cells and ~1.7 in PC3 cells, from the average value for all
primer pairs) likely contributes to the enhancement in transgene expression observed with
Entinostat (Fig. 1).

Discussion

The results shown in Figures 1, 2, and 3 demonstrate that Entinostat significantly enhances
transgene (luciferase and EGFP) expression by up to 25-fold in human prostate and murine
bladder cancer cells at an optimum concentration range of 3.3-33 uM, even in the presence
of serum. Statistically significant enhancement can be seen at concentrations as low as 1 uM
of the drug in some cases (Fig. 1). Since the luciferase and EGFP plasmids used in this study
rely on different promoters (SV40 and CMV, respectively), these results suggest that
Entinostat may be able to enhance a variety of different therapeutic genes and promoters.
These results agree with previous findings that the pan-HDAC (HDAC 1, 3, 4, 6, and 10)
inhibitor Trichostatin A significantly enhances expression from a variety of viral promoters,
including the SV40 and CMV promoters used in this study (Barua and Rege, 2010; Hayashi
etal., 2011). The highest average luciferase expression values were obtained when
Entinostat was used with PEI, but the other polymers tested (1,4C-1,4Bis and PA8) also
showed significant degrees of enhancement. Therefore, Entinostat-mediated enhancement is
likely a general phenomenon, and may also enhance the efficacy of other gene delivery
vehicles. Indeed, it has been previously shown that Entinostat also enhances adenovirus-
mediated transgene expression (Kasman et al., 2007).

The most significant differences in Entinostat enhancement were observed between the
different cell lines. Instead of the >20-fold enhancement observed with the prostate cancer
cell lines at 33 pM Entinostat, the drug was only able to enhance luciferase expression by
approximately seven-fold in MB49 cells at a much lower optimum concentration of 3.3 uM.
This reduction in enhancement may be related to the sharp decrease in MB49 cell viability at
Entinostat concentrations above 3.3 uM. This decrease in enhancement may also reflect
differences between the interactions of human and murine HDACs with Entinostat, although
additional cell lines of both species would need to be included in this study to verify this
hypothesis. Regardless of the nature of these differences, it is still clear that Entinostat
significantly enhanced transgene expression in each of the cell lines tested in a dose range
from 3.3 uM to 33 uM. It is interesting to note that the optimum concentration of Entinostat
observed in our experiments (3.3—-33 uM) is much higher than the previously published
submicromolar (<1 uM) ICgq values for the anti-proliferative effects of Entinostat (Rosato et
al., 2003). However, these concentrations are consistent with other studies showing
enhancement of viral gene therapy at 3.3-10 pM (Kasman et al., 2007, 2012). This optimum
concentration range corresponds well with inhibition of HDAC 3 (ICsq = 8 uM) but is much
higher than that required for inhibiting HDAC 1 (ICgg = 0.3 uM) (Hu et al., 2003). Thus, it
appears that inhibition of HDAC3 may be at least partly responsible for the observed
enhancement of transgene expression, although more studies would be required to determine
this conclusively.
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Previous studies have shown that HDAC inhibitors modulate cell cycle progression,
inducing cell cycle arrest in some cases (Rosato et al., 2003; Sambucetti et al., 1999;
Sikandar et al., 2010). This activity may explain the reduction in PC3-PSMA and MB49 cell
proliferation/viability shown in Figure 1. Indeed, our analysis shows that Entinostat does
modulate cell cycle progression, increasing the fraction of cells present in the Go/G; phase
from 61.9% for the control (O uM Entinostat) to 86.3% for cells treated with 3.3 mM
Entinostat. This Gp/G1 arrest may be responsible for enhanced transgene expression, since
Go/G arrest has been previously shown to increase overall protein production (Sunley and
Butler, 2010). However, since Go/G arrest was not observed at the optimum concentration
of 33 puM, other mechanisms may also cause this enhancement, especially at higher
concentrations of the drug.

While a positive correlation between DNase accessibility (sometimes used interchangeably
with chromatin openness) and gene expression may be anticipated, there is recent evidence
that indicates a more complex relationship between these factors. For example, high rates of
DNase | hypersensitivity were detected on cis-elements associated with low-expression
genes in HelLa cells, suggesting DNase accessibility alone does not indicate high expression.
Counter-intuitively, a positive correlation between silenced genes and chromatin relaxation
was observed (Wang et al., 2012).

While our data do not indicate that Entinostat treatment increases DNase accessibility to the
promoter or gene regions assayed on the pGL3 plasmid, they indicate that higher amounts of
the pGL3 plasmid are present in the nuclear fraction of Entinostat-treated PC3 and PC3-
PSMA cells when compared to those treated with DMSO. It is possible that Entinostat
treatment disrupts nucleosomal structure at a position that we have not tested on the plasmid.
Additionally, remodeling of the chromatin in the nucleus of the target cells could be (and
likely is) induced. This, in turn, might influence the expression of endogenous genes that
increase nuclear plasmid concentration, and thus increase transgene expression. Specifically,
Entinostat inhibits class 1 HDACs, thereby causing an increase in histone hyperacetylation
and a decrease in histone-DNA binding (Camphausen et al., 2004). Since HDACs are known
to bind several transcription factors that influence the expression of other genes, it is also
possible that Entinostat could indirectly influence several other pathways that are involved in
transgene delivery and/or expression (Glozak et al., 2005; Hasselgren, 2007). HDAC
inhibition could also directly influence gene delivery and expression in a variety of
unforeseen ways, since over 1700 proteins are known to have one or more acetylation sites
(Choudhary et al., 2009). Entinostat only affects a fraction of this “acetylome” since it is
known to inhibit the nuclear HDACs 1 and 3 (Hu et al., 2003), but HDAC 1 inhibition has
been shown to enhance viral gene delivery by enhancing endosomal maturation/escape and
trafficking to the nucleus (Yamauchi et al., 2011). Nuclear isolation and qPCR experiments
showed an increase in exogenous plasmid content in the nuclei following Entinostat
treatment in both PC3-PSMA and PC3 cells. We have previously shown significant
differences in trafficking of exogenous nanoscale cargo (plasmid DNA and fluorescent
quantum dots) in these two cell lines. Quantum dots or polyplexes localize in a perinuclear
recycling compartment (PNRC) in PC3-PSMA cells, these nanoparticles demonstrate a
punctate distribution throughout the cytoplasm in PC3 cells (Barua and Rege, 2009, 2010).
The likelihood that Entinostat treatment affects endosomal maturation and subsequent cargo
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trafficking may be responsible for the observed differences in plasmid levels nuclei of these
two cell lines. Entinostat is known to inhibit cytokine signaling and phosphorylation of the
Signal Transducer and Activator of Transcription 3 (STAT-3) (Liu et al., 2013), a pathway
that is known to bind and silence viral and bacterial DNA sequences (Harms and Splitter,
1995). Further studies (e.g., ChlP assays) are required to determine if histone
hyperacetylation via HDAC inhibition is responsible for the observed enhancement of
transgene expression following Entinostat treatment.

Conclusions

Our results demonstrate that Entinostat enhances polymer-mediated transgene expression in
different cancer cell lines, and that the drug can be used with different polymeric delivery
vehicles. The increased presence of the pGL3 plasmid in the nucleus is a likely contributor
to the observed increase in transgene expression upon treatment with the HDAC inhibitor.
However, the mechanisms responsible for the increased plasmid DNA content in the nucleus
are not entirely clear at this point. Analysis of known epigenetic regulators mutated in
cancers reveals that acetylation and methylation are the two epigenetic pathways most
commonly affected (Dawson and Kouzarides, 2012). Although no individual HDACs have
been identified to be commonly mutated in cancer to date (Dawson and Kouzarides, 2012),
HDACSs 1-3 are overexpressed in many cancer types (Marks et al., 2001). Entinostat has
demonstrated anticancer activity when used in combination with another epigenetic inhibitor
in a lung adenocarcinoma orthotopic rat model (Belinsky et al., 2011), and this same
strategy has shown efficacy in a clinical trial involving patients with refractory advanced
non-small cell lung cancer (Juergens et al., 2011). Additionally, Entinostat has been shown
to block cell cycle and induce apoptosis of bladder cancer cells in vitro (Qu et al., 2010), as
well as prostate cancer cells in vivo (Perry et al., 2010). Entinostat can therefore likely be
used as both an anti-cancer drug and as an enhancer of gene therapies in cancer diseases.

In addition to cancer gene therapy, Entinostat may have utility in enhancing transient
therapeutic recombinant protein production in mammalian bioprocesses. We have shown
that inhibition of HDACs with Entinostat enhances protein expression per cell in PC3-
PSMA prostate cancer cells. The use of Entinostat may be applicable to other mammalian
systems commonly used in biological protein production (e.g., Chinese hamster ovary cells),
in which it is desirable to control cell proliferation and maximize the protein production per
cell (Sunley and Butler, 2010). Interestingly, a common method for carrying this out is by
inducing G1 cell cycle arrest (for instance using sodium butyrate), which is possible with
low micromolar dosage of Entinostat.

The Entinostat used in this study was generously provided by Syndax
Pharmaceuticals, Inc., through the Cancer Therapeutics Evaluation Program
(CTEP) and the National Cancer Institute, NIH. The authors thank Professor
Christina Voelkel-Johnson at the Medical University of South Carolina, Charleston,
SC for several helpful discussions.
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Figure 1.
Relative luciferase expression (left column) and cell viability (right column) in PC3 human

prostate cancer (top row), PC3-PSMA human prostate cancer (middle row), and MB49
murine bladder cancer (bottom row) cells. Asterisks (*) denote statistically significant (P<
0.05) enhancement of luciferase expression or reduction of viability relative to the
corresponding polyplex controls. Data shown indicate mean values + one standard deviation.
Note: luminescence and viability were not measured at 100 uM Entinostat in MB49 with
PA8 polymer.
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Figure 2.
Enhancement of EGFP expression by Entinostat in PC3 and PC3-PSMA human prostate

cancer cells at 24 and 48 h post-transfection with PEI (polymer:plasmid DNA mass ratio of
1:1). These representative images are consistent with /7= 3 independent experiments.
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Figure 3.
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0.33 3.3 33
1M Entinostat

Effect of Entinostat on luciferase expression (left) and cell viability (right) in PC3-PSMA

cells, following transfections with PEI in serum (10% FBS)-containing media, that is, SCM
or serum free media, that is, SFM (n = 3). Data shown indicate mean values + one standard
deviation. Asterisks (*) denote significant differences relative to the polyplex control (0 pM

Entinostat).
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Figure 4.
Effect of Entinostat on global protein expression (as measured via BCA assay) and

transgene (luciferase) expression in PC3-PSMA cells transfected with 10:1 (w/w)
1,4C-1,4Bis pGL3 polyplexes in serum free-media, that is, SFM (7= 3). The protein/cell
and RLU/cell reported for Entinostat in this graph are normalized with those observed for
the DMSO (i.e., vehicle control in absence of Entinostat). Data shown indicate mean values
+ one standard deviation. Asterisks (*) denote significant increase in RLU/cell relative to
protein/cell with 33 mM Entinostat treatment.
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Cell cycle analysis of PC3-PSMA cells treated with 0.5% DMSO, 3.3 uM Entinostat, and 33
UM Entinostat (n = 3); results from one representative experiment are shown. The y~axis
indicates the number of cells with the specific fluorescence intensity shown on the x-axis.
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Figure 6.
DNase accessibility data normalized to DMSO treatment (1= 3) in PC3-PSMA cells. The y-

axis indicates fractional DNase accessibility relative to DMSO-treated cells. Data shown
indicate mean values + one standard deviation. For all four regions, as indicated by primer
pairs 1-4 in the promoter/gene map, the difference in DNase accessibility between DNA
harvested from DMSO and Entinostat (33 uM) treated cells was not found to be statistically
significant (P < 0.05 threshold, Student’s £test).
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Figure 7.
Normalized plasmid content in the nuclear fraction, indicating the relative amount of

exogenously delivered plasmid DNA present in the nucleus following Entinostat treatment
relative to vehicle control (DMSQO) treatment (7= 3). Data are reported for (A) PC3-PSMA
(33 uM Entinostat) and (B) PC3 cells (10 uM Entinostat), and are represented as mean + one
standard deviation. Asterisks (*) denote £ < 0.05 comparing pGL3 levels in nuclear fraction
in Entinostat-treated cells relative to DMSO treated cells (Student’s #test). The base pairs
are labeled such that position 1 is the first base pair amplified by our primers. The
numbering system was defined for convenience, and is not related to that provided by the
vendor (Promega).
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Fold-enhancement of luciferase transgene expression by Entinostat with various polymers and cell lines.

Cell lines
Polymers (P:D) PC3 PC3-PSMA MB49
1,4C-1,4Bis 11.2+7.6 (33 pM)  11.6+1.9 (33 uM)  8.0+3.0 (3.3 uM)
(10:1)
PEI (1:1) 24.8+4.8 (33uM)  21.3+3.3 (33uM) 6.8+2.5 (3.3 uM)
PA8 (50:1) 7.6£3.0 (10 uM)  17.8+6.0 (10 pM)  5.9£0.6 (3.3 pM)

In each cell, the top value is the mean degree of enhancement+standard deviation, while the value listed in brackets below indicates the

corresponding optimum concentration of Entinostat.
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Table Il

Fractions of PC3-PSMA cells in each phase of the cell cycle following treatment with Entinostat.

Sample Sub Gg (%) Go/Gy (%) S (%) Go/M (%)

DMSO Control 0.7£0.4 61.9+7.8 9.9+2.7 27.6+7.3
33pMEntinostat  1.3+0.9  g53+23% 22+08" 1024277
33 uM Entinostat 6.241.3% 69.7£10.5 37412* 20.5%9.2

*
P < 0.05, for each phase of the cell cycle for Entinostat treatments relative to DMSO control (Two-tailed Student’s 7-test).
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