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Abstract

Effective transgene expression in mammalian cells relies on successful delivery, cytoplasmic 

trafficking, and nuclear translocation of the delivered vector, but delivery is impeded by several 

formidable physicochemical barriers on the surface of and within the target cell. Although 

methods to overcome cellular exclusion and endosomal entrapment have been studied extensively, 

strategies to overcome inefficient nuclear entry and subsequent intranuclear barriers to effective 

transient gene expression have only been sparsely explored. In particular, the role of nuclear 

packaging of DNA with histone proteins, which governs endogenous gene expression, has not 

been extensively elucidated in the case of exogenously delivered plasmids. In this work, a parallel 

screen of small molecule inhibitors of chromatin-modifying enzymes resulted in the identification 

of class I/II HDACs, sirtuins, LSD1, HATs, and the methyltransferases EZH2 and MLL as targets 

whose inhibition led to the enhancement of transgene expression following polymer-mediated. 

Delivery of plasmid DNA. Quantitative PCR studies revealed that HDAC inhibition enhances the 

amount of plasmid DNA delivered to the nucleus in UMUC3 human bladder cancer cells. Native 

chromatin immunoprecipitation (N-ChIP)-qPCR experiments in CHO-K1 cells indicated that 

plasmids indeed interact with intracellular core Histone H3, and inhibitors of HDAC and LSD1 

proteins are able to modulate this interaction. Pair-wise treatments of effective inhibitors led to 

synergistic enhancement of transgene expression to varying extents in both cell types. Our results 

demonstrate that the ability to modulate enzymes that play a role in epigenetic processes can 

enhance the efficacy of non-viral gene delivery, resulting in significant implications for gene 

therapy and industrial biotechnology.

INTRODUCTION

Transgene delivery and subsequent protein expression is a promising therapeutic approach 

for several diseases and is also employed to facilitate high-throughput protein production in 

biotechnology[1]. Non-viral gene delivery using plasmid DNA (pDNA) is an attractive 
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alternative to viral vectors, but often fails to yield high levels of transgene expression. 

Several barriers severely limit the efficacy of non-viral transgene expression both at the 

organism and cellular levels[2–5]. At the cellular level, transport of pDNA into the nucleus 

governs the efficacy of subsequent transgene expression, and the nucleus is widely 

considered as the “final frontier” for the effective delivery of plasmid DNA to cells[6, 7].

The immense genetic material in human cells (6 billion base pairs) is packaged within nuclei 

only ~6μm in diameter. This is accomplished through highly regulated condensation by 

histone proteins, scaffolding proteins, regulator proteins, and non-coding RNA into a 

structure known as chromatin. DNA-histone interactions play a pivotal role in the epigenetic 

regulation of gene expression in cells. In addition to DNA methyltransferases, which 

facilitate methylation of promoter DNA and generally have an inhibitory effect on gene 

expression [8], a number of enzymes can modify histones post-translationally, which, in 

turn, affects chromatin structure and, ultimately, gene expression. Activating and repressive 

chromatin states can switch from one to the other. Once switched, a state can persist over 

many cycles of DNA replication and mitosis. Chromatin-mediated memory is a mode of 

epigenetics, where daughter cells inherit changes in gene expression that are not driven by 

changes in the nucleic acid sequence. Epigenetic chromatin modifications are involved in a 

number of cellular processes, including development [9], metabolic regulation [10], and 

aging [11]. Improper epigenetic regulation can lead to diseases such as cancer [12] and 

neurodegenerative disorders [13].

The “histone code theory” classifies proteins as writers (enzymes that carry out histone 

modifications), erasers (those that remove functional modifications), and readers (those that 

recognize the “epigenetic mark” of these modifications and recruit other proteins for 

chromatin remodeling) [14, 15]. Enzymes that catalyze histone post-translational 

modifications (PTMs) such as lysine (de)acetylation, serine, threonine, and tyrosine 

(de)phosphorylation, and lysine and arginine (de)methylation mark histones for reader 

enzymes to modulate a change in chromatin structure and gene expression. Acetylation and 

phosphorylation on histones are known to activate gene expression [13]. Histone 

methylation, on the other hand, can have activating or repressing effects on local gene 

expression; for instance, di- or tri- methylation of lysine 4 on the core histone H3 (H3K4me2 

or H3K4me3, respectively) activates transcription, while trimethylation of H3K9 

(H3K9me3) and H3K27me3 promotes repression of transcription [13].

Although many epigenetic modifications are well understood in the context of genomic 

DNA, a thorough understanding of how native histones regulate the expression of 

exogenously delivered DNA (e.g. plasmid DNA or pDNA) is largely lacking. However, 

some evidence of the role of intranuclear proteins, including histones, can be obtained from 

previous studies which show that sodium butyrate, a general inhibitor of histone 

deacetylases [16], and our studies which show that class I HDAC inhibitors Entinostat [17] 

and trichostatin A [18] enhance transgene expression following pDNA delivery to 

mammalian cells. Additionally, DNA methyltransferase inhibition with 5-azacytidine has 

been shown to enhance transgene expression [19]. Further relevant to histone/plasmid 

interactions in the nucleus, Kay et al. demonstrated that exogenously delivered plasmids and 

their derivative minicircles can interact with histones in target cells, with histone 
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modifications understood generally to increase or decrease gene expression in chromatin 

mostly correctly predicting plasmid expression in their mouse liver lysate system [20].

In this study, we screened a commercially available library of 89 small-molecule inhibitors 

of histone modifiers and PTM-binding proteins in order to identify key targets that influence 

non-viral transgene expression in two highly distinct mammalian cell lines: CHO-K1 and 

UMUC3 CHO-K1 is an adherent cell line derived from the rodent Cricetulus griseus 
(Chinese hamster) [https://www.atcc.org/products/all/CCL-61.aspx]. These cells are widely 

used in basic research and industrial production of pharmaceutical proteins [21]. UMUC3 is 

a human urinary bladder cancer-derived line that is widely used in basic research and drug 

development. CHO-K1 has a relatively low number of chromosomes (21 autosomes, 1 sex 

chromosome) compared to other mammalian lines [22, 23], a lower fraction (37.79%) of 

repetitious elements compared to human cells (46%)[24], and overrepresentation of 

translation, metabolism and protein modification-related gene functions [24]. UMUC3 and 

CHO-K1 have broad genomic distributions of epigenetic chromatin modifications including 

DNA methylation, expression-associated histone H3K4me3, K27ac, and K36me3, and 

silencing-associated H3K9me3, and K27me3 [23, 25]. However, global histone proteomics 

investigations suggest that the relative proportions of each modification within each cell line 

vary significantly, which is likely connected to gene regulation states that underlie 

phenotypic and species-specific differences. Our studies indicate that exogenously delivered 

plasmid DNA interact with histone proteins and that several epigenetic enzymes including 

histone deacetylases, histone demethylases, and sirtuins influence polymer-mediated 

transgene expression. This study also indicates novel molecular interventions, including 

pairwise combination treatments, that may be employed for enhancing the efficacy of non-

viral gene delivery vehicles for various applications in industrial biotechnology and 

medicine.

EXPERIMENTAL

Small Molecule Inhibitors of Epigenetics Enzymes

A library of 89 small-molecule inhibitors of chromatin-modifying enzymes was purchased 

from Cayman Chemicals (item number 11076, 10 mM in DMSO). Based on a combination 

of published IC50 values (dose at half-maximal target inhibition) and concentration ranges 

typically used in the literature, all inhibitors were categorized either as “high dose 

candidates” (screened at 500 nM, 5 μM, and 50 μM working concentrations) or “low dose 

candidates” (screened at 50 nM, 500 nM, and 5 μM working concentrations). Stock 

solutions were prepared in DMSO at 100X the highest concentration used in the screen (5 

mM for high dose candidates, 0.5 mM for low dose candidates). Table S1 (Supporting 

Information section) contains detailed information on the doses used for each inhibitor.

Inhibitor Screening

Approximately 16 hours prior to screening, 10,000 UMUC3 human bladder cancer or CHO-

K1 cells per well were plated in 96 well plates in RPMI 1640 media (10% fetal bovine 

serum and penicillin (100 units/mL)-streptomycin (100 μg/mL). On the following morning, 

a solution of 0.375 mg/mL neomycin resorcinol diglycidyl ether (N-RDGE) [26] was 

Christensen et al. Page 3

J Control Release. Author manuscript; available in PMC 2021 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.atcc.org/products/all/CCL-61.aspx


prepared in 1X PBS and filtered through a 0.2 μm regenerated cellulose syringe filter; this 

polymer was previously identified as an effective candidate for transgene expression via 

combinatorial synthesis and screening in our laboratory. The pEF-Luc plasmid (Addgene, 

plasmid #22524) was prepared at 15 ng/μL in EB buffer (Qiagen) and used in all screening 

studies; the plasmid expresses luciferase protein under the control of the EF1-α promoter. 

Small-molecule inhibitors from the library were added corresponding to the experimental 

plate position in a sterile deep well 96-well block. Cell-containing plates and the deep well 

inhibitor-containing block were then placed inside a Biomek FXp liquid handing system 

(LHS). Serum-containing RPMI media was then added to the 100X concentrated inhibitors 

and mixed using an orbital shaker, in order to dilute them to the highest concentration tested 

in these studies. Old media was removed from cells and replenished with drug-containing 

media by the LHS. The LHS carried out 10X dilutions of the original inhibitor solution to 

prepare media at the two lower working inhibitor concentrations to be tested. A reservoir of 

polymer-pDNA complexes (polyplexes) was prepared manually in a laminar flow hood at a 

25:1 (w/w) ratio and allowed to form for 20 minutes at room temperature. Polyplexes 

containing 75 ng DNA/well were then added to all cells (10 μL/well) by the LHS, and 

transfection was allowed to proceed for 48 hours in an incubator maintained at 37°C with 

5% CO2.

Quantification of Transgene Expression

Cells were assayed for transgene (luciferase) expression 48 hours after transfection. Cell 

lysis was carried out using cell culture lysis reagent (Promega) and luminescence was 

detected using a Synergy 2 plate reader (Biotek, Winooski, VT). MTT viability assays 

(ATCC) were carried out in parallel plates, and luminescence values were normalized to 

viability to account for cell proliferation reduction effects on total transgene expression.

Optimization of Inhibitor Dose

Select lead inhibitors from the small-molecule inhibitor screen were chosen for dose 

optimization with the pEF-Luc plasmid, expressing firefly luciferase driven by the EF1α 
promoter as well as the pGL3 plasmid, which also expresses luciferase, but under control of 

the Simian Virus 40 (SV40) promoter. These transfection experiments were carried out 

manually (without the LHS) using the same polymer-pDNA doses and ratios as used in the 

screen. In addition to the N-RDGE polymer, an efficient in-house lipid-conjugated polymer 

(lipopolymer), paromomycin glycerol diglycidyl ether-C18 (PG-C18) [27] was used as an 

additional carrier in order to further investigate the observed phenomena with a second non-

viral delivery vehicle. Inhibitors chosen for dose-optimization were purchased individually 

from Cayman Chemical in solid form and dissolved in DMSO to 500x working 

concentration for each dose to be tested. Doses were chosen to test at and above (where 

possible) and below the optimal of three doses tested in the screen, based on screening 

results. The luciferase assay was employed in a similar manner as the screen. Although cell 

viability normalization was incorporated in luciferase expression calculations for the 

screening experiments to ensure lead inhibitors were not missed due to viability losses, it 

was not included in luciferase expression results for dose-optimization experiments; these 

results are expressed as total luminescence, normalized to the no inhibitor (vehicle) control.
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Nuclear Localization of Plasmid DNA

The N-RDGE polymer was used to deliver 200 ng pGL3 plasmid per well in a 24-well plate 

in the absence and presence of the indicated small molecule inhibitors. Using a protocol and 

primer pairs established in our previous study [17], cell nuclei were isolated and assayed 

using qPCR for relative presence of the pGL3 plasmid. Briefly, nuclei of cells transfected 

with pGL3 plasmid were isolated using the EZ Nucleosomal DNA Prep kit (Zymo #D5220) 

and DNA (plasmid and genomic together) were purified using the spin columns provided by 

the manufacturer. Using this DNA pool as the template, qPCR with four primer pairs was 

carried out to detect levels of pGL3 plasmid present in target cell nuclei. Primer pairs 

amplifying multiple regions on the plasmid were used as a safeguard; primers were designed 

to detect plasmid SV40 promoter (primer pair 1), the luciferase gene (primer pairs 3 and 4), 

or a region bridging the promoter and gene (primer pair 2).

Native Chromatin Immunoprecipitation (N-ChIP) Analysis

Cells (250,000 / well) were plated in 6-well plates, with two full plates (i.e. pool from 12 

wells) used for every condition investigated. On the following day, cells were transfected 

with the pEF-Luc plasmid (800 ng/well) complexed with N-RDGE polymer at a 25:1 

(wt/wt) ratio. At ~48 hours, cells were washed and trypsinized for detachment. The 

supernatant, which contained transfection media and the PBS used in the wash step, was 

saved to in order to ensure that all detached cells were collected for ChIP analysis. 

Following the nuclear extraction and micrococcal nuclease (MNase) steps outlined by the 

manufacturer protocol for the EZ Nucleosomal DNA Prep kit, cell nuclei were isolated and 

treated with MNase to yield nucleosomal particles ready for immunoprecipitation.

Chromatin preps were incubated with 5 mg/mL BSA+PBS (Sigma) washed (3x) Magna 

ChIP Protein A + G beads (Millipore) for three hours at 4°C with nutation to clear non-

specifically interacting particles. Pre-cleared chromatin was moved to a new tube without 

beads. Fifty μL of each sample were set aside as input, a theoretical maximum amount of 

target DNA prior to pulldown, and kept at −20°C. Five μL of each antibody, anti-histone H3 

(Cell Signaling #4620), anti-acetyl histone H3 K9 (Cell Signaling #9649), or rabbit IgG 

(Cell Signaling #2729), were added to each tube and samples were incubated for 12 hours at 

4°C with nutation. Antibody-chromatin samples were incubated with 20μl of PBS+BSA 

washed (3x) MagnaChIP beads for three hours at 4°C with nutation. Bead-antibody-

chromatin complexes were washed once with Buffer A [50 mM Tris-HCl pH 8.1 (Sigma), 

ethylenediaminetetracacetic acid (EDTA) (Fisher Scientific), 50 mM sodium chloride 

(NaCl) (Sigma)], once with Buffer B [50 mM Tris-HCl pH 8.1 (Sigma), 

ethylenediaminetetracacetic acid (EDTA) (Fisher Scientific), 100 mM sodium chloride 

(NaCl) (Sigma)] and once with Buffer C [50 mM Tris-HCl pH 8.1 (Sigma), 

ethylenediaminetetracacetic acid (EDTA) (Fisher Scientific), 150 mM sodium chloride 

(NaCl) (Sigma)]. Each wash step was followed by 10 min nutating incubations at room 

temperature. Bead complexes were resuspended in 100 μL of elution buffer [1% SDS, 0.1 M 

sodium bicarbonate (Sigma), 0.1 M NaCl]. Fifty μL of elution buffer were added to each 

input sample as well. IPs and inputs were incubated at room temperature for 30 min with 

nutation. Samples were incubated with 10 μg of RNase A (Sigma) for 30 min at 37 °C and 

then with 10 μg of Proteinase K (QIAGEN) for 2 h at 62 °C. DNA from IPs and inputs was 
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purified using Genelute PCR Cleanup Kit (Sigma) and eluted in 50 μL of nuclease-free 

water.

Real-Time Quantitative PCR to measure ChIP-DNA

Real-time quantitative PCR (qPCR) was conducted in 15 μL reactions using the SYBR 

Green detection system (Roche) in a 96-well format. Each reaction contained 7.5 μL of 

SYBR Green Master Mix, 2 μL of ChIP DNA, and 562.5 pmol of forward and reverse 

primers (each). As input samples are 1/20th (50 μL / 1000 μL) of each sample, Cp values 

were adjusted by subtracting log2(20) from each. Percent of input DNA [28] bound was 

calculated as 100 × 2 [Ct input−Ct IP], where Ct IP is the Ct value for each IP sample and Ct 

input represents the theoretical maximum DNA bound.

Primers were designed to detect a number of positions along the pEF-Luc plasmid; these 

primers and their sequences are (F: forward; R: reverse):

EF1 Prom (F: AGGAGTGGGAATTGGCTC, R: CCTTCTCTAGGCACGGTTC);

EF1 Prom-2 (F: CGTGATTCTTGATCCCGAGC, R: 

CTCAAGCACGAGGCGAAG);

EF1 Prom-3 (F: CTGAGTGGGTGGAGACTG, R: 

GTCTGAGGCTTGAGAATGAACC);

Early Luc+ (F: GCAGATCATGGAAGACGCC, R: 

CCACCTCGATATGTGCATCTG);

Luc+ (F: gcttttacagatgcacatatcgaggtgg,

R: GTATTCAGCCCATATCGTTTCATAGCTTC);

pBR322 Ori (F: GCCACCTCTGACTTGAGC, R: CAGCAAAAGGCCAGGAACC).

The regions of the pEF-Luc plasmid amplified by these primer pairs include the promoter 

(EF1 Prom 1–3), a region at the 5’ end of the luciferase gene + a small proximal upstream 

region (Early Luc+), a portion solely present on the luciferase gene (Luc+), and the origin of 

bacterial plasmid replication (pBR322 Ori).

RESULTS

Small Molecule Inhibitors of Chromatin-Modifying Enzymes Enhance Polymer-Mediated 
Transgene Expression

Each chromatin modulator inhibitor was tested at three different concentrations, as described 

in the Experimental section. Relative luciferase expression results are displayed qualitatively 

in the heat map shown in Figure 1A, and the vehicle-control (DMSO) normalized transgene 

expression at the optimal dose for each inhibitor is shown in Figure 1B. The specific doses 

employed for each inhibitor can be found in Table S1 (Supporting Information section). Cell 

viability corresponding to the trials in figures 1 and 2 are shown in Figures S1 and S2 

(Supporting Information section) for CHO-K1 and UMUC3 cells, respectively.
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The screen revealed that inhibition of several epigenetics modulators resulted in 

enhancement of polymer-mediated transgene expression in both CHO-K1 and UMUC3 

cells. In the following sections, we discuss universal and cell-line-specific effects for each 

family of inhibitors that affected transgene expression.

Inhibitors of Histone Deacetylase (HDACs, Classes I and II) Enhance 
Transgene Expression—Our screen with both, CHO-K1 and UMUC3 cells, identified 

several Class I/II HDAC inhibitors as enhancers of transient transgene expression (Figures 1 

and 2A, yellow bars and points). As demonstrated in Figure 2A, HDAC inhibition induced 

more potent transgene expression enhancement in UMUC3 cells than in CHO-K1 cells 

(p=6.7×10−5) on average; eight HDAC inhibitors enhanced transgene expression to at least 

twice the extent in UMUC3 cells observed in CHO-K1 cells. The variation observed 

between the two cell lines could be related to differences in HDAC expression levels or 

alternative levels of dependence on HDAC for regulation of chromatin. The literature 

indicates isoform-dependence in expression levels of class I/II HDAC levels in urothelial 

cancer cells versus normal urothelial cell lines; HDACs 2 [29, 30], 4 [30], 5 [30], and 8 [30, 

31] are transcriptionally upregulated, while HDACs 6 [30] and 9 [30] are transcriptionally 

downregulated; HDAC1 has been observed to be both up- and down-regulated [29, 30], and 

HDAC3 transcriptional differences between normal and cancer urothelial cells are not 

detectable [29]. To our knowledge, HDAC mRNA or protein levels are not readily available 

for CHO-K1 cells. Different epigenetic modulators have complementary and often 

synergistic effects on transcriptional regulation, making some modulators more dispensable 

than others. This will be discussed later in the context of combinatorial inhibitor treatments.

Entinostat (MS-275, inhibitor #34), trichostatin A (inhibitor #45), sodium butyrate (inhibitor 

#43), and valproic acid (inhibitor #46) are known enhancers of transgene expression. 

Entinostat and trichostatin A both improved transgene expression in UMUC3 cells, 

supporting the validity of the screen; we have previously demonstrated that Entinostat and 

tichostatin A enhance transgene expression in human prostate and murine bladder cancer 

cells [17, 18]. Valproic acid, which did not affect transgene expression in our hands, was 

tested well below its IC50 value due to constraints introduced by the manufacturer-provided 

stock concentration in the screening library.

In addition to inhibitors with known effects on transgene expression, the screen found 

several new class I/II HDAC inhibitors that enhance transient transgene expression. SB939 is 

a pan-HDAC inhibitor, inhibiting all HDAC enzymes with the exception of HDACs 6 and 7 

[32]. This inhibitor was chosen for further mechanistic evaluation to represent the class I/II 

HDAC family, because it enhanced transgene expression in both cell lines (UMUC3 > CHO-

K1) and represents the general HDAC inhibitor data from the screen well. A particularly 

interesting inhibitor from this group is CAY10603 (inhibitor #27), which potently and 

specifically inhibits HDAC6, a primarily cytoplasmic HDAC inhibitor that is known to 

deacetylate tubulin, affecting intracellular (cytoplasmic) trafficking. HDAC6 inhibitors have 

previously been found to enhance transgene expression by modifying intracellular 

trafficking [18, 33]. This inhibitor was also selected for further investigation. RSC-133 was 

chosen for further evaluation as a key lead inhibitor from the screen based on the magnitude 

and consistency of enhancement between the cell lines. RSC-133 has been demonstrated to 
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inhibit both HDAC1 and DNA methyltransferase 1 (DNMT1) [34]. The magnitude of 

enhancement in CHO-K1 cells with RSC-133, which differs drastically from that observed 

by HDAC inhibition alone (Figure 1), suggests there may be a synergistic effect between 

DNMT and HDAC functioning that influences transgene expression from plasmids.

Inhibitors of Sirtuins (HDACs, Class III) Enhance Transgene Expression—In 

addition to the classical HDAC classes I, II, and IV, class III HDACs are a group of NAD+ 

dependent protein functionalizing enzymes known as sirtuins. All seven sirtuins (SIRT1–7) 

share an NAD-binding domain which facilitates their deacetylation and/or ADP ribosylation 

enzymatic activity; all but SIRT4 have deacetylation capability [35]. Sirtuins were identified 

as a potential target for transgene expression enhancement in both cell lines (Figure 1 and 

2A, red bars and points). Sirtuin inhibitors are more promising for enhancing transient 

luciferase expression in CHO-K1 cells than in UMUC3 cells, as indicated by the majority of 

the sirtuin (red points) falling below the y=x line in Figure 2. Tenovin 1 and its analog 

Tenovin 6, identified as enhancers of transgene expression in both cell lines, are inhibitors of 

sirtuins SIRT1 and SIRT2. Also identified as enhancers of transgene expression in CHO-K1 

cells were sirtinol, a SIRT1/2 inhibitor [36] and its derivative naphthoic acid [37], which 

increased transgene expression in CHO-K1 cells by double the extent of that seen in 

UMUC3 cells (Figure 2A). In addition, JGB1741, an inhibitor of SIRT1 and weak inhibitor 

of SIRT2 led to moderate transgene expression enhancement. Interestingly, piceatannol, 

which has been shown to activate SIRT1 expression in human monocytes [38], enhanced 

transgene expression in UMUC3, but not in CHO-K1 cells. Tenovin-1 was chosen for 

further evaluation as a promising lead from this family of inhibitors.

The effect of Histone Acetyltransferase (HAT) Inhibitors on Transgene 
Expression is Sub-family Dependent—HATs catalyze the addition of acetyl groups 

onto ε-amino groups of lysine residues present on core histones, carrying out the opposite 

activity of HDACs, with which they work to regulate gene transcription. Addition of these 

acetyl groups at nucleosomes leads to a general increase in chromatin accessibility [39], 

allowing interaction with necessary transcriptional machinery. While inhibition of HATs is 

hypothesized to decrease transgene expression, the screening revealed mixed results that 

point to potential dependence of the HAT sub-family involved (Figure 2B).

The screen identified CPTH2 hydrochloride as a strong enhancer of transgene expression in 

both cell lines (Figures 1 and 2). CPTH2 hydrochloride specifically inhibits the HAT 

enzyme Gcn5, which has known acetyltransferase activity at Histone H3K9 [40] and 

H3K14[41]. A similar protein with HAT activity, PCAF, was represented in the screening by 

the inhibitor CAY10669 which moderately enhanced transgene expression in CHO-K1 cells. 

In addition to inhibitors of the Gcn5/PCAF family of HATs, inhibitors of the CBP/p300 

family of HATs were included in the screen. Anacardic acid inhibits both PCAF and p300 

[42], while C646 has only been demonstrated to inhibit p300/CBP [43]; neither, however, 

enhanced transgene expression in either cell line. Although the inhibitor of CBP, I-CBP 112 

hydrochloride, very moderately enhanced transgene expression in UMUC3 cells, delphinidin 

(chloride), a CBP/p300 HAT inhibitor, significantly decreased transgene expression in both 

cell lines, one of only three inhibitors in the library to do so. CPTH2, the lead inhibitor from 
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the HAT family, was chosen for further mechanistic study. Taken together, inhibitors of the 

Gcn5/PCAF family of HAT enzymes have potential to enhance transgene expression. 

However, inhibitors of CBP/p300 HAT enzymes, based on the screen, were not able to 

enhance transgene expression.

Gcn5 HATs exhibit acetyltransferase activity on transcription and have also been shown to 

influence cell cycle. Specifically, cells lacking Gcn5 have demonstrated vulnerability to 

DNA-damaging agents and a tendency to arrest at the G2/M cell cycle transition [44], which 

is a particularly favorable cell cycle phase for efficient transient gene expression [45]. 

Additionally, Gcn5 is implicated to play a positive role in histone deposition on newly 

synthesized DNA following DNA replication [44]. It is possible when inhibiting Gcn5 HAT 

that 1) cells accumulate at the G2/M transition and / or 2) delivered plasmids are poorly 

bound by histones. Both of these factors can increase transgene expression in cells. Further 

systematic investigation with more inhibitors from each HAT sub-family would be required 

to elucidate the mechanism governing HAT-family dependence of transient expression 

efficacy.

Inhibition of the Histone Demethylase, Lysine Specific Demethylase 1 (LSD1), 
Enhances Transgene Expression—The removal (current section) and addition (next 

section) of methyl groups at a multitude of histone sites plays a vital role in regulating 

transcription. Lysine specific demethylase 1 (LSD1) specifically removes methyl groups 

from lysines H3K4 and in some cases, H3K9. Although only one inhibitor of LSD1, 2-

PCPA hydrochloride, was available in the inhibitor library, it enhanced transgene expression 

in both cell lines (Figures 1 and 2C) and was chosen for subsequent mechanistic evaluation. 

In order to validate LSD1 as a target for enhancing transgene expression, a second small 

molecule inhibitor, OG-L002, was purchased separately and evaluated; the results, which 

validated LSD1’s hit in the screen, are discussed in a subsequent section. Demethylation at 

H3K4 is a repression mark of the histone code, so LSD1 inhibition is hypothesized to 

increase expression, as we have observed. LSD1, additionally, participates as part of the 

CoREST complex with HDAC1/2 [46], linking demethylation and deacetylation. Also, 

LSD1 can catalyze demethylation of H3K9, which can have either a repressive (H3K9me → 
H3K9) or enhancing (H3K9me2 → H3K9me) effect on transcription. Both of these lysine 

sites can also be trimethylated, but LSD1 is not capable of demethylating H3K4me3 or 

H3K9me3. Interestingly, IOX-1 (inhibitor #54) and N-Oxalylglycine (inhibitor #53), which 

both inhibit jumonji domain histone demethylases (JmjC) (Figure 2C), responsible for 

demethylating H3K9me3, demonstrated little promise in enhancing transgene expression in 

the screen. This indicates that the extent of methylation at one or both of these sites may 

play a role in the ability to enhance transgene expression.

Inhibitors of Mixed Lineage Leukemia (MLL) Methyltransferase Related 
Proteins and Enhancer of Zeste Homolog 2 (EZH2) Trimethyltransferase 
Increase Transgene Expression—Methylation of core histone tails by histone 

methyltransferase (HMT) enzymes plays a key role in the regulation of endogenous gene 

expression. WDR5 is a WD-repeat family protein that is a non-catalytic subunit of trithorax 

(TRX) methyltransferase complexes, including the mixed myeloid leukemia (MLL) 
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complex, catalyzing H3K4 methylation [47]. The small-molecule inhibitor WDR5–0103 

(inhibitor #62), which has been demonstrated to bind WDR5 and inhibit MLL 

methyltransferase activity in vitro [48], enhanced transgene expression in both cells 

investigated (Figures 1 and 2D). Another target that has been shown to bind with the MLL 

complex, menin, is inhibited by MI-2 (inhibitor #58); MI-2 demonstrated moderate 

enhancement in transgene expression (Figures 1 and 2D). MI-2 has been found to reduce 

H3K4me3 and H3K79me2 in MLL leukemia cells [49]. Interestingly, H3K4 methylation is a 

transcriptional activation mark, so the observation of WDR5- and menin- inhibition-induced 

transgene expression enhancement is contrary to the known epigenetic function of this 

histone mark. This suggests a possible off-target effect of MLL complexes or these 

particular components.

Enhancer of Zeste Homolog 2 (EZH2) is a histone trimethyltransferase that functions as the 

catalytic unit of the polycomb repressive complex 2 (PRC2). Within the context of PRC2, 

EZH2 facilitates trimethylation of histone H3, lysine 27 (H3K27me3), generally resulting in 

transcriptional repression [50]. The EZH2 inhibitors GSK343 (inhibitor 12) and UNC1999 

(inhibitor 13) displayed moderate efficacies as enhancers of transgene expression in CHO-

K1 cells (Figure 1), but they did not demonstrate this effect in UMUC3 cells (Figure 2D).

Finally, the enzyme coactivator-associated arginine methyltransferase 1 (CARM1) facilitates 

methylation at an arginine site (H3R17). Additionally, CARM1 methylates the p300/CBP 

HAT, contributing to gene activation activity of this HAT [51]. CARM1 was represented by 

a single inhibitor in the screen, Ellagic acid, which resulted in a drastic decline in transgene 

expression (Figures 1 and 2D); this behavior is consistent with the known gene activation 

activity of CARM1.

Other Lead Inhibitors—In addition to the aforementioned modulator families, the screen 

identified several interesting targets that will not be discussed in detail here. Some of these 

include aurora kinase, growth arrest and DNA-damage-inducible protein (Gadd45), hypoxia-

inducible factor 1-alpha prolyl hydroxylase (HIF-PH), and peptidyl arginine deiminase 

(PAD).

The enzyme target identification covered in the previous sections highlights some key 

similarities between endogenous and transgene expression, as well as cases where plasmid 

and genomic (chromosomal) gene expression may be regulated very differently (Table 1). 

As summarized in the table, the screening results indicate that the activity observed for 

epigenetic modulators with plasmid-based expression is largely consistent with their known 

activity with genomic expression. The exceptions include inhibitors known to interact with 

and increase activity of MLL methyltransferase complexes as well Gcn5/PCAF HATs, and 

are shown in red in Table 1.

Dose Response Studies Optimize the Efficacy of Lead Inhibitors and 
Demonstrate Application with an Additional Plasmid and Delivery Vehicle—
The small-molecule screen identified several inhibitors of epigenetic modulators that 

enhanced transgene expression in UMUC3 bladder cancer cells and/or CHO-K1 cells. 

However, local chromatin structure and transcriptional activity are often dependent on the 
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promoter and the gene itself. Consequently, a subset of the lead inhibitors identified in the 

screen were investigated further for their abilities to enhance transgene expression using 

different plasmids and delivery vehicles in conjunction with inhibitor dose-optimization. In 

particular, the pGL3 plasmid, which is a luciferase-expressing plasmid driven by a different 

(SV40) promoter, was used as a second plasmid in addition to the pEF-Luc plasmid 

employed in the screen. Similarly, the efficacy of lead inhibitors was investigated using a 

second delivery vehicle not included in the screen: a lipid-conjugated polymer, 

paromomycin glycerol diglycidyl ether–C18, or PG-C18, which was previously developed in 

our laboratory [27]. Figures 3 and 4 show transgene expression using lead inhibitors and the 

additional plasmid and/or delivery vehicle in CHO-K1 and UMUC3 cells, respectively.

Table 2 compares our optimal inhibitor doses with published IC50 (or effective) doses. In 

CHO-K1 cells, RSC-133, a DNA Methyltransferase (DNMT)/HDAC inhibitor has been 

shown to effectively inhibit these targets at 10 μM, comparable to our findings for enhancing 

transgene expression. Tenovin-6 is a water-soluble analog of Tenovin-1, and has IC50 values 

in the tens of micromolar range, an order of magnitude above our optimal concentration for 

Tenovin-1 (for which published IC50 values were not available). CPTH2, a Gcn5 HAT 

inhibitor, has been demonstrated to effectively inhibit this target at concentrations of 50 and 

800 μM, the former which is reasonably in agreement with our optimal 5–25 μM optimal 

range for enhancing transgene expression. For all three of these inhibitors, doses 

corresponding to greatest enhancement in luciferase expression are non-toxic, with cell 

viabilities near 90%. (Figure 3). Data for two additional inhibitors (WDR5–0103 and 2-

PCPA) are shown in Figure S3 (Supporting Information section).

The optimal dose of pan-HDAC inhibitor SB939 is approximately two orders of magnitude 

above the published IC50 value of 77 nM in UMUC3 cells, while the cytoplasmic HDAC 

inhibitor was most effective in our hands many orders of magnitude above the published 2 

pM IC50 value. OG-L002 (Figure 4) is an LSD1 inhibitor that was not part of the screening 

library. It was evaluated in these optimization studies to investigate the effect of LSD1 

inhibition, because this target had only one inhibitor (2-PCPA) in the screen. The most 

effective concentrations for enhancing transient luciferase expression ranged from 20–80 

μM, which was about two orders of magnitude above the published IC50 value. As in CHO-

K1 cells, the optimal inhibitor doses for transgene expression enhancement were not highly 

inhibitory to UMUC-3 viability.

Although these experiments served the purpose of finding the optimal doses of the lead 

inhibitors for further mechanistic experimental evaluation (additional data in Figure S2, 

Supporting Information section), it is evident that the enhancement in transgene expression 

is not wholly dependent on the promoter (SV40 or EF1α) or the delivery vehicle used (N-

RDGE or PG-C18 polymer).

Inhibitor Combinations Further Enhance Transgene Expression following 
Delivery of Plasmid DNA—Inhibition of individual chromatin modulating enzymes has 

clearly been demonstrated to enhance non-viral transgene expression in the sections above. 

We reasoned that the simultaneous inhibition of more than one epigenetics enzymes will 

likely result in (1) increased enhancement in transgene expression and, (2) information on 
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mechanisms and mediators that may be independent, redundant, or synergistic. We therefore 

delivered plasmid DNA to CHO-K1 cells in presence of different inhibitor combinations 

(Figure 5). There is no detectable enhancement in transgene expression with HDAC 

inhibitor (SB939) treatment at the doses tested. However, the enhancement of transgene 

expression observed with single-agent inhibition of LSD1 using 500 μM 2-PCPA 

hydrochloride is amplified by inhibition of HDAC with SB939 (Figure 5, left). This 

indicates that inhibition of HDAC and LSD1 synergistically enhances transgene expression. 

Additionally, inhibition of LSD1 with 2-PCPA hydrochloride (500 μM) and inhibition of 

EZH2 with UNC1999 (1 μM) led to at least slightly synergistic enhancement in transgene 

expression in CHO-K1 cells; this dose of UNC1999 was unable to enhance transgene 

expression individually, but when combined with 2-PCPA, it improved the efficacy of this 

inhibitor. Modest synergy may be observed in the case of 500 μM 2-PCPA hydrochloride 

and 5 μM UNC1999; individual treatments enhance transgene expression by factors of 4.2-

fold and 1.4-fold respectively, and the combination yields 7.7-fold enhancement (Figure 5, 

right).

The effect of inhibitor combinations was also evaluated in UMUC3 cells (Figure 6). HDAC 

inhibition and LSD1 inhibition, which both increase transgene expression individually, were 

modestly synergistic at low concentrations but additive at higher concentrations when used 

for simultaneously enhancing transgene expression. However, combinations involving 

HDAC/EZH2 and LSD1/EZH2 did not synergistically enhance transgene expression in these 

cells.

Cooperation between the aforementioned chromatin modulators in the silencing of 

transcription is not uncommon and, therefore, it is not surprising that synergistic effects on 

transgene expression are observed here. HDAC and LSD1 participate in the silencing 

CoREST complex, linking LSD1-mediated demethylation and HDAC-controlled 

deacetylation of histones. For example, LSD1/CoREST activity has been demonstrated to be 

inhibited by prior target histone hyperacetylation induced by HDAC inhibitor (Trichostatin 

A) treatment in HeLa cell isolated nucleosomes [46]. Two-way cooperation has even been 

observed with HDAC1 and LSD1, with inhibition of either enzyme resulting in decreased 

acetylation at H4K16 and methylation of H3K4, which are the respective targets of these 

enzymes [63]. This behavior was only observed in the pluripotent systems tested in this 

study, suggesting these interactions may not play the same role in vastly differing cells, such 

as UMUC3 and CHO-K1. LSD1 and EZH2, which showed synergistic potential in our 

system through dual inhibition, are also known to work together to silence chromatin as part 

of a long intergenic non-coding RNA (lincRNA) complex referred to as HOTAIR [64].

Inhibition of Histone Deacetylases Increases Nuclear Plasmid Levels in UMUC3 Cells

With the exception of the cytoplasmic activity of a subset of HDACs (e.g. HDAC6), most 

epigenetics enzymes are active primarily in the nucleus, and influence histone-DNA 

interactions. We therefore focused our attention to the status of the delivered plasmid in the 

nucleus, in order to carry out a mechanistic investigation into the enhancement of transgene 

expression using epigenetics modulators. Several lead inhibitors, at their optimal 

concentrations, were added to cells in concert with delivery of the pGL3 plasmid. Following 
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transfection (48 h), nuclei were isolated and using primers described before [17] (Figure 7), 

qPCR was carried out to quantify relative amounts of plasmid inside the nuclei of 

transfected cells, denoted as “normalized nuclear plasmid levels”.

In UMUC3 cells (Figure 7A), the pan-HDAC inhibitor (SB939), cytoplasmic HDAC6 

inhibitor (CAY10603), and LSD1 inhibitor (OG-L002) were evaluated. Although the LSD1 

inhibitor did not affect plasmid presence in target nuclei, both HDAC inhibitors increased 

detectable intact plasmid inside nuclei, likely playing a role in the observed enhancement in 

transgene expression. We have previously reported increased plasmid uptake in two prostate 

cancer cell lines treated with the nuclear HDAC1/HDAC3 inhibitor Entinostat [17]. The 

increase in nuclear plasmid levels accompanying inhibition of HDAC6 is likely related to 

increased levels of acetylated tubulin, previously demonstrated to improve cargo transport 

toward the nucleus [18, 33]. Although an increase in plasmid levels in the nucleus of 

UMUC3 cells ostensibly explains a portion of the observed increase in transgene expression, 

nuclear histone modifications affecting histone/plasmid interactions also likely play a role. 

Unchanged levels of plasmid copy in the nucleus with the small molecule LSD1 inhibitor, 

OG-L002, suggests that increased transgene expression with LSD1 inhibition is governed by 

epigenetic mechanisms.

In CHO-K1 cells (Figure 7B), inhibitors of HDAC/DNMT (RSC-133), sirtuins (Tenovin-1), 

LSD1 (2-PCPA), pan-HDAC (SB939), and Gcn5 HAT (CPTH2), all of which were leads for 

enhancing transgene expression, did not enhance the presence of plasmid inside the nucleus. 

This suggests that in CHO-K1 cells, the mechanistic explanation for the observed 

enhancement of transgene expression lies at some point following nuclear entry, likely 

involving epigenetic mechanisms.

Native ChIP Detects Plasmid/Histone H3 Interactions in CHO-K1 Cells and Indicates 
Modulation by HDAC/LSD1 Inhibition

Histones bind chromosomal DNA in eukaryotic nuclei leading to the formation of chromatin 

and, in particular, organized nucleosomes. These interactions regulate DNA replication [65] 

and gene expression [66]. We hypothesized that, in our system, histones interact with 

exogenously delivered plasmid DNA in target nuclei, thus engendering similar epigenetic 

regulatory mechanisms by chromatin modifying enzymes on transient expression as 

observed with stable chromosomal DNA expression. While histone/plasmid chromatin 

formation in target cell nuclei has been reported before [20], in addition to demonstrating 

this in our system, we sought to understand the change in histone/plasmid interactions with 

lead inhibitors from our screen. We used chromatin immunoprecipitation (ChIP) in order to 

investigate physical interactions between the endogenously expressed core histone, Histone 

H3, and the pEF-Luc plasmid DNA in the nuclei of target CHO-K1 cells. Although cross-

linking ChIP (X-ChIP) is commonly employed for studying protein-DNA interactions, 

excessive cross-linking can lead to the false-positive detection of protein-DNA interactions 

[67]. Additionally, formaldehyde treatment can reduce antibody recognition of the protein to 

be detected, thus reducing immunoprecipitation efficiency [67, 68]. We therefore employed 

the non cross-linking method, native ChIP (N-ChIP), in this study.
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The first antibody used in the ChIP assay isolated histone H3, and molecules directly bound 

to this histone from the nuclei of transfected cells. Although other core histones H2A, H2B, 

and H4 play a vital role in epigenetic transcriptional regulation, particular histone H3 sites 

act as substrates for most of the lead epigenetic enzymes identified in the screen, as 

described in previous sections. Quantitative PCR (qPCR) was performed on these histone 

H3 pulldown contents using primers for six different regions on the pEF-Luc plasmid in 

order to determine if the pEF-Luc plasmid was directly interacting with histone H3 (Figure 

8A). Cells were transfected in the absence of inhibitors (DMSO), in the presence of a single 

HDAC or LSD1 inhibitor, or with both inhibitors simultaneously. Depending on the primer 

pairs used for regional plasmid amplification, the plasmid-histone H3 signal produced was 

around 30% input in the nuclei of cells transfected with no inhibitors; in other words, 30% 

of the available plasmid DNA sequences present in target nuclei were isolated with 

immunoprecipitated Histone H3, clearly indicating specific interactions between histone H3 

and pEF-Luc plasmid DNA. Interestingly, these interactions appeared to decrease when 

transfected cells were treated with an HDAC or LSD1 inhibitor, suggesting that HDAC and 

LSD1 inhibition may “loosen” histone-plasmid complexes. An additional pulldown using a 

general IgG antibody was used as a negative control in order to determine if the detected 

qPCR signal was specifically due to histone H3-plasmid interaction. Pulldowns with the IgG 

antibody yielded values of 0.2% input or less depending on the plasmid region, which 

confirmed the validity of this assay. These values can be seen in Figure S4 (Supporting 

Information section).

Additional pulldowns were performed using an antibody specific for acetylated histone H3 

(specifically, acetylated at lysine 9, H3K9ac) (Figure 8B). Generally, higher gene 

transcription is observed when chromatin is highly acetylated [69, 70], although epigenetic 

regulation of gene expression is complex and local histone acetylation is not the only 

indicator of transcriptional activity. In the absence of inhibitors, the interaction of acetylated 

histone with plasmid is almost non-existent, with %input values near those observed with 

the IgG negative control antibody (Figure S4, Supporting Information section). HDAC 

inhibition with SB939 clearly increases the interaction of the pEF-Luc plasmid with histone 

H3 acetylated at lysine 9, even while total Histone H3-pEF-Luc plasmid interactions 

decrease (Figure 8A). Interestingly, LSD1 inhibition also increased H3K9ac-plasmid 

interactions, suggesting that LSD1 and HDAC may have an overlapping function on histone 

acetylation in CHO-K1 cells. As discussed above, LSD1 is one component of the CoREST 

complex along with HDAC [46], linking demethylation with deacetylation in one 

transcriptionally repressive complex. However, LSD1 inhibition with 2-PCPA hydrochloride 

was a much more potent inducer of transgene expression than HDAC inhibition with SB939 

in CHO-K1 cells, which indicates that although histone H3-plasmid interactions are 

important, other factors may also play a key role, including the other three core histones 

which were not assayed in this study. However, it is interesting to note that simultaneously 

inhibiting LSD1 and HDAC results in roughly an additional doubling of H3K9ac-plasmid 

interactions (Figure 8B) from either individual inhibitor treatment without an observed 

increase in overall histone H3-plasmid interaction (Figure 8A); the exception is at the origin 

of replication on the plasmid backbone, where overall histone/plasmid interactions seem to 

increase with the inhibitor combination treatment. These results indicate that HDAC and 
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LSD1 likely have coordinated activities in regulating histone acetylation and this likely has 

an effect on plasmid-histone interactions and transient luciferase expression.

DISCUSSION

As part of this work, we have identified a number of epigenetic enzymes and families that 

play an activating or repressive role in plasmid DNA mediated transgene expression in 

mammalian cells. Histone deacetylase (HDAC), lysine-specific demethylase (LSD), and 

enhancer of Zeste homolog 2 (EZH2) enzymes have well-established roles in repressing 

transcription by removing or adding functional groups to promoters of target genes. In 

agreement with these roles in chromosomal transcription regulation, inhibitors of these 

enzymes enhanced transgene expression following polymer-mediated plasmid DNA delivery 

in one or both cell lines. Inhibition of WDR5 (an MLL methyltransferase component) 

enhanced transgene expression, contrary to its role of activating target genes in the 

chromosome. Histone acetyltransferase (HAT) inhibition led to enhancement, reduction, or 

no effect on transgene expression; however, the effect on transgene expression appeared to 

depend on the family of HAT inhibited.

The small-molecule screen was set up with a single plasmid, pEF-Luc, in order to keep the 

experimental throughput to manageable levels. However, because epigenetic modifications 

are often dependent on the promoter driving target gene expression, we carried out 

additional studies in which lead inhibitors were evaluated with a second plasmid (pGL3), 

which was driven by a different promoter. A second polymer was also investigated for 

delivering pDNA, and our results indicate that the inhibitors also enhanced activity when 

this different gene delivery vehicle was employed. Taken together, our findings on inhibiting 

epigenetic enzymes for enhancing transgene expression are likely generic and are not limited 

to a particular polymer and / or plasmid system.

Epigenetic regulation of transcription occurs in the nucleus, and we therefore first 

determined if small-molecule inhibitors of epigenetic modulators influenced the amount of 

the delivered plasmid into the nucleus. Lead inhibitors did not result in an increase in the 

amount of plasmid DNA inside nuclei of CHO-K1 cells, indicating that the mechanism(s) 

responsible for enhanced transgene expression occurred following nuclear entry. In UMUC3 

cells, however, HDAC inhibition increased the amount of plasmid DNA inside transfected 

cell nuclei, which may be partly responsible for the observed enhancement in transgene 

expression in these cells. Further, this observation was consistent with our previous study 

[17], which showed that treatment with Entinostat, an HDAC inhibitor, resulted in an 

increase of the plasmid in the nuclei of prostate cancer cells, as well as other findings which 

show that HDAC6-deficient cells traffic cytoplasmically microinjected plasmids more 

efficiently into target cell nuclei [33]. Our data indicate a currently undetermined mechanism 

by which HDAC inhibition enhances the delivery of plasmids to the nucleus in human 

cancer cells. This phenomenon was not seen for HDAC inhibition in CHO-K1 cells, which 

showed only a very moderate enhancement in transgene expression with HDAC inhibition in 

the screen. It is likely that this phenomenon is observed mainly in cancer cells which are 

known to possess aberrant expression of HDACs [71].
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Pair-wise combinations of small molecule inhibitors indicated that simultaneous inhibition 

of LSD1 and HDACs resulted in significantly higher transgene expression compared to the 

additive effect of the single-agent treatments. This suggests synergy in the mechanisms of 

LSD1 and HDAC related to transgene expression. Simultaneous treatment with LSD1 and 

EZH2 inhibitors led to significant enhancement of transgene expression, with a modest 

indication of synergy. In UMUC3 cells, simultaneous inhibition of LSD1 and HDAC 

resulted in additive, but likely not synergistic, enhancement in transgene expression. This 

suggests that the mechanisms by which LSD1 and HDAC affect transgene expression in 

UMUC3 cells may not be linked.

Finally, ChIP experiments were carried out in an effort to determine if plasmids interact with 

endogenous histones following cellular delivery and if these interactions are responsive to 

epigenetic modulation. It was found that roughly 30% of plasmids delivered to CHO-K1 cell 

nuclei with an in-house gene delivery polymer interact with histone H3, and a reduction in 

interaction was evident with inhibition of HDAC and/or LSD1. Additionally, it was found 

that HDAC and LSD1 inhibition individually increased plasmid interactions with acetylated 

histone H3 while inhibiting both of these targets concurrently further increased this 

interaction. These data combined with our transgene expression results point to a 

coordination in the activity between LSD1 and HDAC on both plasmid-histone interactions 

and plasmid expression, although further experimentation is necessary to determine if these 

phenomena are directly related.

CONCLUSIONS

The screening experiments described here revealed several epigenetic modulators that play a 

role in transgene expression efficacy following polymer-mediated pDNA delivery to two 

very different mammalian cell lines. As indicated in Table 1, most of these enzymes 

demonstrated a similar effect on transient transgene expression consistent with their known 

activities in regulation of chromosomal transcription. The use of both individual and 

combinatorial enzymatic inhibitor treatments for enhancement in transgene expression is 

promising for a broad array of applications in biotechnology as well as in medicine, due to 

the involvement of epigenetic regulation in a multitude of diseases. Although some 

inhibitors enhanced delivery of plasmids to cell nuclei, many modulators in the current 

screen did not demonstrate this behavior, suggesting post-nuclear mechanisms (likely 

epigenetics) as the key factor governing expression from plasmid DNA. Findings from ChIP 

studies pointed towards interactions between the endogenous core Histone H3 and delivered 

plasmid DNA. Furthermore, these interactions were modulated by epigenetic enzyme 

inhibition, providing initial evidence for epigenetic plasmid transcriptional regulation. These 

mechanistic findings open the door to in-depth studies gauging spatial (histone site) and 

temporal interaction profiles between core histones and delivered plasmid DNA to 

understand how these interactions regulate transient plasmid expression in mammalian 

systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Small-molecule inhibitors of epigenetics modulators were screened to identify leads that 

enhanced polymer-mediated transgene expression in CHO-K1 cells and UMUC3 bladder 

cancer cells. A) Heat map indicating the normalized luciferase expression ranges for each of 

the three doses examined for each inhibitor in the screen. B) Normalized transgene 

expression for optimal inhibitor dose; color-coding indicates modulator family targeted by 

the indicated inhibitor. Vertical dashed line indicates point of no enhancement of transgene 

expression. Inhibitor numbers (1–89) can be referenced in Table S1, supporting information 

section, for each individual small molecule. Lead inhibitors discussed in more depth are 

listed. Polyplexes were formed by complexing the N-RDGE polymer with 75 ng EF-Luc 

plasmid DNA at a 25:1 (wt/wt) ratio. * = Student’s t-test p<0.05 for enhancement in 

transgene expression relative to DMSO vehicle (no inhibitor) + polyplex control; ** = 

Student’s T-test p<0.05 for reduction in transgene expression relative to DMSO vehicle (no 

inhibitor) + polyplex control. Chaetocin (inhibitor #56) was not considered a statistically 

significant reducer of transgene expression due to its high toxicity at the doses tested.
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Figure 2. 
Screening results depicted on a dot plot showing normalized luciferase expression in 

UMUC3 cells (y-axis) and CHO-K1 cells (x-axis). A) Inhibitors falling near the y=x line 

have similar effect on luciferase expression in both cell lines. Those that fall outside of the 

y=2x and x=2y lines have 2x greater effect in UMUC3 cells than CHO-K1 cells or vice 

versa, respectively. Such inhibitors are listed under their family type in these regions. All 

inhibitors are color-coded by modulator family defined in figure 1. Data points 

corresponding to lead inhibitors discussed later are circled in black. B) Histone 

acetyltransferase inhibitors, C) histone demethylase inhibitors, and D) histone 

methyltransferase inhibitors depicted by their sub-families.
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Figure 3. 
Dose optimization of lead inhibitors identified from the screen for enhancing transgene 

expression in CHO-K1 cells. A second plasmid, pGL3, which expresses luciferase protein 

under the control of the SV40 promoter was evaluated; the original screening plasmid (pEF-

Luc) was also included. In addition, two polymers N-RDGE (top) and PG-C18 (bottom), 

were evaluated for delivering plasmid DNA. Transgene expression efficacies are reported 

normalized to the vehicle control (0.2% DMSO + polyplex and indicated by “0” on the x-

axis, normalized to 1 on the y-axis). Cell viability, as measured using the MTT assay, are 

plotted on the secondary axes (dashed lines). * indicates p-value < 0.05, as determined using 

Student’s t-test, each condition relative to vehicle control + polyplex formed with same 

polymer/plasmid combination.
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Figure 4. 
Dose optimization of lead inhibitors identified from the screen for enhancing transgene 

expression in UMUC3 cells. A second plasmid, pGL3, which expresses luciferase protein 

under the control of the SV40 promoter was evaluated; the original screening plasmid (pEF-

Luc) was also included. N-RDGE was used for delivering plasmid DNA. Transgene 

expression efficacies are reported normalized to the vehicle control (0.2% DMSO + polyplex 

and indicated by “0” on x-axis, normalized to 1 on the y-axis). Cell viability, as measured 

using the MTT assay, is plotted on the secondary axes (dashed lines). * indicates p-value < 

0.05, as determined using Student’s T-test, each condition relative to vehicle control + 

polyplex formed with same plasmid. ^ p=0.05
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Figure 5. 
Relative transgene (luciferase) expression in CHO-K1 cells following single and dual 

combination treatments with epigenetics modulators targeting (left) HDAC and LSD1, and 

(right) EZH2 and LSD1; the N-RGDE polymer was used for delivering pDNA in these 

studies. Single-agent inhibitor treatments are indicated by solid bars and dual combination 

inhibitor treatments are indicated using checkered bars. Transgene expression in each case is 

normalized to that seen in presence of DMSO (carrier). * indicates p-value <0.05 relative to 

DMSO control treatment as determined using Student’s T-test; + indicates p-value < 0.05 

relative to both individual inhibitor treatment transfections as determined using Student’s t-

test. SB939, 2-PCPA hydrochloride, and UNC1999 are inhibitors of HDAC, LSD1, and 

EZH2 respectively. n=5 independent experiments.
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Figure 6. 
Relative transgene (luciferase) expression in UMUC3 cells following single and dual 

combination treatments with epigenetics modulators targeting (left) HDAC and LSD1, and 

(right) EZH2 and LSD1; the N-RGDE polymer was used for delivering pDNA in these 

studies. Single-agent inhibitor treatments are indicated by solid bars and dual combination 

inhibitor treatments are indicated using checkered bars. Transgene expression in each case is 

normalized to that seen in presence of DMSO (carrier). * indicates p-value <0.05 relative to 

DMSO control treatment and *! indicates p-value = 0.05 relative to DMSO control treatment 

as determined using Student’s T-test; + indicates p-value < 0.05 relative to both individual 

inhibitor treatment transfections as determined using Student’s t-test. SB939, 2-PCPA 

hydrochloride, and UNC1999 are inhibitors of HDAC, LSD1, and EZH2 respectively. n=5 

independent experiments.
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Figure 7. 
Localization of the pGL3 plasmid in the nuclear fraction of (A) UMUC3 cells (n=3 

independent experiments) and (B) CHO-K1 cells (n=2 independent experiments) following 

delivery of the plasmid along with different epigenetics modulators. The assayed region of 

the pGL3 plasmid is illustrated with rough primer pair locations indicated. Bars are color-

coded according to their respective primer pair label color on the plasmid map. *indicates p-

value < 0.05 for plasmid presence in nuclear fraction relative to vehicle control condition. 

(Student’s t-test).
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Figure 8. 
Native chromatin immunoprecipitation (ChIP) studies on histone-plasmid interactions in 

CHO-K1 cell nuclei. CHO-K1 cells were treated with polyplexes of N-RDGE with pEF-Luc 

plasmid in the absence or presence of the HDAC inhibitor SB939 and LSD1 inhibitor 2-

PCPA hydrochloride, as well as the combination of the inhibitors (indicated by DMSO, 

HDACi and LSD1i, and HDAC1i/LSD1i, respectively). Pulldowns were carried out using A) 
a general Histone H3 antibody and B) an antibody detecting Histone H3 acetylated at lysine 

9 (H3K9ac). All nuclei isolation and pulldowns were performed 48 hours following inhibitor 

treatment and polyplex delivery as in previous experiments. Error bars indicate the standard 

deviation of two qPCR trials on the same chromatin samples (N=1 transfection and 

pulldown in each case).
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Table 1.

Comparison of the known effect of chromatin modifying enzyme targets on genomic gene expression and 

transgene expression as observed in the screen.

Target Modulator Enzyme Effect on Endogenous Chromatin Expression Activity Inhibitor Effect on Transient Luciferase 
(Transgene) Expression

EZH2 Repression[52] Activation

Gadd45 Activation [53] Repression

HAT (CBP/p300) Activation [54] Repression

HDAC/Sirtuin Repression [55] Activation

LSD1 Repression [56] Activation

HAT (Gcn5/PCAF) Activation [57] Activation

WDR5/Menin-MLL* Activation* [58] Activation

*
WDR5 and Menin are non-catalytic components of H3K4 methyltransferase complex
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Table 2.

Comparison of published IC50 or effective doses with optimized concentrations determined from dose 

optimization studies for select inhibitors.

Inhibitor Optimal Concentration Published IC50 / Effective Concentration (Target) [Reference]

RSC-133 50 μM Effective dose: 10 μM (HDAC/DNMT) [34]

Tenovin-1 (Ref. values based on Tenovin-6) 1 μM 21, 10, 67 μM (SIRT1/2/3) [59]

CPTH2 5 μM Effective dose of 50 [41, 60], 800 μM [60] (Gcn5)

SB939 0.25–0.5 μM 77 nM (HDAC1) [32]

CAY10603 1 μM 2 pM (HDAC6) [61]

OG-L002 20–80 μM 0.2 μM (LSD1) [62]
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