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Abstract

Human cells contain hundreds of kinase enzymes that regulate several cellular processes, which
likely include transgene delivery and expression. We identified several kinases that influence gene
delivery and / or expression by performing a kinome-level screen in which, we identified small-
molecule kinase inhibitors that significantly enhanced non-viral (polymer-mediated) transgene
(luciferase) expression in cancer cells. The strongest enhancement was observed with several
small-molecule inhibitors of Polo-like Kinase 1 (PLK 1) (e.g. HMN-214 and Bl 2536), which
enhanced luciferase expression up to 30-fold by arresting cells in the G2/M phase of the cell cycle
and influencing intracellular trafficking of plasmid DNA. Knockdown of PLK 1 using an shRNA-
expressing lentivirus further confirmed enhancement of polymer-mediated transgene expression.
In addition, pairwise and three-way combinations of PLK1 inhibitors with the histone
deacetylase-1 (HDAC-1) inhibitor Entinostat and the JAK/STAT inhibitor AG-490 enhanced
luciferase expression to levels significantly higher than individual drug treatments acting alone.
These findings indicate that inhibition of specific intracellular kinases (e.g. PLK1) can
significantly enhance non-viral transgene expression for applications in biotechnology and
medicine.
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INTRODUCTION

Gene therapy is a promising therapeutic approach for many different genetic disorders.
Clinical trials involving the use of viral/gene delivery vehicles have already shown promise
as potential therapeutic strategies [1, 2]. However, limitations associated with
immunogenicity [3], cost [4], and limited cargo load [5] associated with viral vectors
motivate the development of non-viral gene delivery methods, including novel polymers as
delivery vehicles[6-9]. Unfortunately, current non-viral gene delivery methods demonstrate
lower transgene expression levels than those obtained using viral techniques. Most
approaches for improving non-viral gene delivery therefore focus on creative approaches
towards optimizing the delivery vector to overcome physical barriers within the cell [10, 11].
In particular, cellular uptake and endosomal escape have been significantly improved with
the development of novel cationic polymers and lipids [12-14]. At the cellular level, we and
others have previously shown that modulating intracellular trafficking by inhibiting
cytoplasmic histone deacetylases (HDACS) leads to enhanced transgene expression [15].
Despite these advances, key intracellular targets (biomarkers) that act as significant barriers
to non-viral transgene expression remain poorly understood [16, 17].
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In addition to physical barriers (e.g. cell / endosomal / nuclear membranes), transgene
delivery may also be limited by specialized biochemical defenses that specifically protect
cells against foreign DNA. For example, Toll-Like Receptor 9 (TLR9) binds unmethylated
cytosine-guanine (CpG) base pairs within bacterial and viral DNA that are taken up in the
endosomes of macrophages and dendritic cells (host CpGs are methylated and do not
activate TLR9) [18, 19]. Once TLR9 binds the unmethylated DNA, it initiates a signaling
cascade involving several different kinases (IRAK-1, IRAK-4, TAK1, IKK, and MAPK) that
activate a set of transcription factors (NF-xB, AP-1, and IRF7). This, in turn, leads to
expression of interleukins and interferons leading to the induction of an immune
response[20]. TLR9 activation also reduces the magnitude and duration of transgene
expression[21], but removing CpGs from plasmid DNA decreases inflammation and
enhances transgene expression in lung tissue for up to 56 days[22].

The kinases involved in the TLR9 pathway are just one example of the = 500 kinases in the
human kinome [23] that play key roles in intracellular processes, including endocytosis
(PI3K [24] and EGFR[25]), cell cycle progression (CDK, PLK, Aurora)[26], and gene
transcription (JAK/STAT [27] and JNK][28]). Therefore, we hypothesized that kinases are
likely to be involved in cellular uptake and trafficking, nuclear import, and / or transgene
expression following plasmid DNA delivery. Some studies in the literature have investigated
the role of kinases in delivery. For example, ur Rehman et al. showed that inhibition of
Protein Kinase A (PKA) enhances gene delivery 2-3 fold by promoting lipoplex and
polyplex (polymer-plasmid DNA complex) uptake by caveolae instead of clathrin-coated
pits[29]. Inhibition of Rho kinase by Y-27632 also increases lentiviral transduction by 20%
in keratinocytes[30]. In contrast, inhibition of PI3K has been shown to reduce adenoviral
transduction, since PI3K plays a key role in a integrin-associated endocytosis of viruses.(11)
The tyrosine kinase inhibitor genistein also decreases polyplex uptake by up to 50% by
inhibiting cavaeolar uptake[31]. Therefore, there exists some evidence to indicate that kinase
inhibition has the potential to either increase or decrease the efficacy of transgene
expression.

In this work, we carried out a kinome-level screen of small molecule inhibitors in order to
identify kinases that influence the efficacy of transgene expression following non-viral
(polymer-mediated) delivery of plasmid DNA. While the screen resulted in the identification
of several kinases that enhanced polymer-mediated transgene expression, treatment with
small-molecule inhibitors of the cell cycle regulator Polo-Like Kinase 1 (PLK1) resulted in
the highest enhancement of transgene expression in cancer cell lines, indicating a pivotal
role for this kinase in transgene delivery. Simultaneous inhibition of PLK1, histone
deacetylase 1 (HDAC1), and Janus Kinase (JAK, another kinase identified in our screen)
resulted in further enhancement of transgene expression relative to inhibition of each
individual target. These results demonstrate that inhibition of key intracellular kinase targets
using small-molecule inhibitors can enhance transgene expression and potentially improve
gene therapy efficacy.
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MATERIALS AND METHODS

Cell Culture

Polymers

PC3-PSMA prostate cancer cells[32], derived from PC3 cells, were kindly provided by
Michel Sadelain, MD, PhD, Memorial Sloan -Kettering Cancer Center (New York, NY).
MBA49 cells were kindly provided by Dr. Christina Voelkel-Johnson (Medical University of
South Carolina) as part of an existing collaboration. PC3-PSMA cells were cultured in
RPMI 1640 Medium (Hyclone®), containing 10% fetal bovine serum (Hyclone®) and a
Penicillin (100 units/mL) — Streptomycin (100 pug/mL) antibiotic combination (MP
Biomedicals, LLC). MB49 cells were maintained in Dulbeccos Modifed Eagle’s Medium
(Life Technologies) with the same serum and antibiotic content. Cells were grown in an
incubator maintained at 37°C and 5% CO,.

The 1,4C-1,4bis polymer was synthesized by mixing the monomers 1,4-cyclohexane
dimethanoldiglycidyl ether (1,4C, Sigma) and 1,4-bis(3-aminopropyl)-piperazine (1,4Bis,
Sigma) at a 1:1 molar ratio as described previously [33]. 25 kDa branched
polyethyleneimine (PEI) was purchased from Sigma. Polymers were solubilized in 1X
phosphate buffered saline (1X PBS) following 16 hours of polymerization, and the pH was
adjusted to 7.4.

Parallel Screening of Small-Molecule Kinase Inhibitors

A library of kinase inhibitors pre-dissolved in DMSO at 10 mM was purchased from Selleck
Chem (Cat# L1200, Houston, TX). A complete list of the kinase inhibitors and their known
kinase targets can be found in Table S1, supplementary information section. PC3-PSMA
cells were seeded in 96 well plates (15,000 cells/well) and incubated overnight (~18 hrs) at
37°C in serum-containing RPMI media (SCM). Polyplexes were prepared by mixing the
polymer 1,4C-1,4Bis [33] with pGL3.0 plasmid DNA (Promega; luciferase expression
plasmid with a SV40 promoter) at a 10:1 mass ratio and incubating the solution at room
temperature for 20 minutes. SCM media was then removed from cells and replaced with
SFM media. Polyplexes (60 ng plasmid DNA/well) and kinase inhibitors (final concentration
of 10 x 1C5q with 0.5% DMSO) were simultaneously added to each well using a Biomek
NXP laboratory automated liquid handling station (Beckman-Coulter). Cells were incubated
with polyplexes and inhibitors for 6 hours at 37°C. The media was then changed to SCM
(with a unique Kkinase inhibitor in each well) and the cells were incubated at 37°C for an
additional 48 hours to allow for transgene (luciferase) expression.

Dose Response Optimization of Kinase Inhibitor Leads

Small molecule PLK1 inhibitors (drugs), Bl 2536, Bl 6727, HMN-214, and ON01910, used
for dose response optimization studies, were all purchased from Selleck Chemicals, and
stored at —80°C. Optimization experiments with inhibitor leads were carried out in a similar
fashion to screening experiments, but in 24 well plates with 200 ng pGL3.0 or pEGFP-C1
(Clontech; an eGFP expression plasmid with a CMV promoter) plasmid DNA/well, at
various concentrations of each inhibitor with various polymers (10:1 w/w 1,4C-1,4Bis or 1:1
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w/w PEI) and cell lines (PC3-PSMA or MB49, both seeded at 50,000 cells/well). The
Entinostat used in the inhibitor combination transfections was kindly provided by Syndax
Pharmaceuticals of Waltham, MA through an agreement with the Cancer Therapeutics
Evaluation Program (CTEP) at NIH. The final DMSO concentration in a given well was kept
constant at 0.5% in all experiments with inhibitor combinations.

Determination of Cell Viability using the MTT Assay

Cell proliferation in case of different treatment conditions, relative to untreated control cells
(treated as 100% viable, or a live control), was quantified using 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT), a yellow colored reagent which is converted to
formazan (a purple dye) by living cells. For screening experiments, transfections were
carried out in 96-well cell culture plates, that were seeded with 50,000 cells per well.
Following 48 hours of transfection, 10 uL of MTT reagent was added to the cells and
incubated at 37°C for 2—4 hours, and the cells were then lysed by adding 20 pL of MTT
detergent and incubated for an additional 2 hours at room temperature. Inhibitor dose-
optimization transfections were carried out in 24-well plates that were seeded with 50,000
cells per well. After 48 hours, 20 uL MTT reagent was added, followed by 100 uL of MTT
detergent for lysis for 2 hours.

In both cases, the concentration of formazan was then determined by measuring the
absorbance of each well at 570 nm (As7p). Cell proliferation (PRO) was calculated by
dividing the Ag7q of each sample by the As7q of the live cell control (no inhibitor or
polyplex added), after subtracting blank absorbance.

Quantification of Luciferase Expression

Luciferase expression was quantified using the Luciferase Assay Kit from Promega
(Madison, WI). Media was removed from the plates and cells were washed once with PBS
before adding cell culture lysis reagent (Promega) to each well and incubating the plates at
37°C for 20 minutes. Cell lysate (15 pL) was then mixed with luciferin solution (30 uL) and
luminescence (LUM) was immediately measured using a Synergy 2 plate reader (Biotek,
Winooski, VT). Luminescence units accounting for changes in proliferation (LUV) were
calculated by dividing luminescence values (LUM) by relative cell proliferation (PRO). The
LUV values of each sample were then divided by the LUV value of the control sample (ho
drug) to provide the RLUV values shown in each figure. 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% relative cell proliferation will be multiplied by a factor of
two) and illustrate the degree of enhancement for each condition relative to the control.

Quantification of EGFP Expression

At 48 hours post-transfection, cells were washed with 1X PBS, trypsinized, and pelleted via
centrifugation at 500 X g for 5 minutes. Pellets were resuspended in 1X PBS, and flow
cytometry analysis, carried out using a FACSCalibur (Benton Dickinson) machine, was used
to quantify intracellular EGFP fluorescence, as detected by the FL1 emission filter. PMT
voltage settings were adjusted based on live cell controls. Fluorescence gating was
performed such that control samples (at each drug concentration, lacking polyplex
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treatment) showed 0.1% fluorescence-positive cells. Side and forward scatter plots for the
live cell control were also used for live/dead gating to ensure that only live cells were
included in the final flow cytometry analyses. Calculations for fluorescence intensity per cell
involved subtraction of the drug only conditions (no transfection) arithmetic average cell
fluorescence from the transfected counterpart to avoid including drug background
fluorescence or autofluorescence in reported values. In PC3-PSMA cells, all experiments
involving the BI 2536 inhibitor were carried out three times (listed in Table 1). For all other
conditions in PC3-PSMA and MB49 cells, at least two independent experiments (in some
cases three) were carried out.

Production and Evaluation of Lentiviral Particles for PLK1 Knockdown

Plasmids expressing ShRNA for knocking down PLK1 (total=20) were selected from the
shRNA collection library (The RNA Consortium (TRC)) in Prof. Joshua LaBaer’s
laboratory, at The Biodesign Institute, Arizona State University. From these 20 clones, 4
(TRCNO0000006246-6249) were selected based on target knockdown efficiency reported in
previous publications [34-37]. cDNA was produced (Qiagen Maxiprep kit), and lentiviral
particles were produced by transfecting LentiX-293T cells (Clontech) with either PLK1 or
scramble control-shRNA and packaging plasmids using our established SOPs[38]. After
finalizing viral production, the resulting virus was used to infect PC3-PSMA cells.

To evaluate the silencing of PLK1 using the lentiviral particles, immunoblotting experiments
were carried out on PC3-PSMA cell lysates after cells were infected with either a scramble
control or each lentiviral clone for PLK1 knockdown (total=4). The GAPDH (loading
control) and PLK1 antibodies were purchased from Cell Signaling and used at a working
dilution of 1:1000. Following transfer, membranes were blocked with 5% milk in TBS-
Tween (TBS-T, 0.2% tween), and incubated in primary antibody overnight at 4°C.
Membranes were then washed with TBS-T, and incubated with an HRP-conjugated
secondary antibody (1:1000 dilution) for one hour at room temperature. Following
additional washes, membranes were treated with SuperSignal West Femto
Chemiluminescent substrate (Thermo) for antibody detection. Based on literature and our
own results, it was determined that the virus correspondent to clone PLK1-shRNA 6247
would be used for further experiments. This virus successfully knocked down PLK1 in PC3-
PSMA cells and affected cell growth.

Combined PLK1 Silencing and Transgene (pGL3 Plasmid) Delivery to PC3-PSMA cells

PC3-PSMA cells were infected with either PLK1 or a scramble control lentivirus. In brief,
12,500 cells were plated in a 24 well plate, and on the following day, polybrene (8 ug/mL)
was added, followed by lentivirus (200ul) or no further treatment (i.e. equivalent volume
media). Plates were centrifuged for 30 minutes at 2250 rpm and kept in the incubator at
37°C and 5% CO». Following 48 hours, transfection experiments and luminescence-
quantifying assays were carried out as previously described. Experiments were carried out
using 1,4C-1,4bis and PEI as polymer carriers at polymer to DNA weight ratios of 10:1 and
1:1, respectively.
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Cell Cycle Analysis

Intracellular

Propidium lodide (PI) staining was carried out in order to determine relative cell cycle
proportions of the PC3-PSMA cell population in the presence and absence of PLK1
inhibitors, Bl 2536 and HMN 214. Briefly, 250,000 PC3-PSMA cells were plated in a 6 well
plate and allowed to attach and grow overnight. Cell culture media was removed and
replenished with fresh SCM containing drug or vehicle control. After 48 hours, cells were
washed with 1X PBS harvested via trypsinization, and resuspended in a small amount of 1X
PBS. Pure ice-cold ethanol was added dropwise to the PBS cell suspension, resulting in a
final EtOH concentration of 70%, at which point, cells were stored at 4°C for 1 hour to
allow for fixation. Cells were then washed with 1X PBS/2% FBS/0.001% Triton X, followed
by a wash with 1X PBS/2% FBS. Cells were then incubated with a Pl (Sigma) staining
solution prepared in 1X PBS (5% FBS, 50 pg/mL PI, 100 pg/mL RNase A). Cells were then
analyzed in a FACS Attune® acoustic focusing flow cytometer, with PI signal detection
through the B3 emission filter. Live/Dead gating was carried out using a side/forward scatter
dot plot, and only live cells were included in final analysis. Cell doublets were gated out of
analysis, as determined by high fluorescent width (B3-W) values, indicative of long detector
residence time. Cell cycle percentages given are representative of percentage of cells falling
in the subG1 (<2N DNA content; typically apoptotic fraction), GO/G1 (2N DNA content), S
(between 2N and 4N DNA content), G2/M cycles (4N DNA content). A small portion of the
cell population shows fluorescence greater than that represented by 4N DNA content. Some
of these cells may actually have greater than 4N DNA content, while a proportion is likely
cell doublets that are not eliminated by gating.

Trafficking of Polymer-Plasmid DNA Complexes (Polyplexes)

The Label IT® fluorescein-conjugated plasmid from Mirus was used to monitor plasmid
DNA intracellular trafficking. PC3-PSMA prostate cancer cells were plated in 24 well plates
at a density of 50,000 cells per well on top of coverslips, and allowed to attach overnight. On
the following day, cells were incubated with 10 ug/mL DAPI and allowed to stain overnight
at 37°C. The following day, several washes with 1X PBS were carried out in order to remove
residual DAPI, thus avoiding false nuclear detection by staining the plasmid DNA. Serum-
free media containing the drug or 0.2% DMSO control was added to the cells while
polyplexes were formed by mixing PEI with 2 pg of fluorescein-labeled plasmid DNA at a
1:4 polymer to DNA mass ratio. Polyplexes were added to the cells for 6 hours after which,
cells were replenished with serum-containing media containing drug or DMSO. Following
48 hours of transfection, cells were washed twice with 1X PBS, and fixed with 2%
formaldehyde for 20 minutes. Cells were then washed 5 times with 1X PBS, and mounted
using a 90% glycerol solution containing n-propyl gallate. Confocal microscopy was carried
out with a Nikon C2 confocal microscope equipped with a 60X water immersion objective,
which was utilized to determine polyplex trafficking relative to the nucleus. Laser excitation
of 488 nm was used and emission at 525 nm was captured for fluorescein detection. Z-stack
images were taken with a step size of 0.330 um, with the images displayed representing a
maximum projection signal through the z-axis, unless otherwise noted.
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RESULTS AND DISCUSSION

Kinase Inhibitor Screen

A library of 182 kinase inhibitors was screened in order to identify leads that enhance non-
viral transgene expression in cancer cells (please refer Table S1 in the supplementary
information for a complete list of the kinase inhibitors). Fifteen different inhibitors enhanced
luciferase expression by a factor of 4-fold or higher relative to the polyplex control
(1,4C-1,4Bis polymer [33] complexed with pGL3.0 plasmid DNA in 0.5% DMSOQ) in PC3-
PSMA cells [32]; a concentration of 10 times the reported ICsq value for each inhibitor was
employed in the screen (please see Table 1 for inhibitor leads, and Table S2 in the
supplementary information for a complete list of screening results). Interestingly, some
inhibitors, including two PI3K inhibitors (TGX-221 and AS252424), two CDK inhibitors
(AZD5438 and Flavopiridol HCI), and a single JAK inhibitor (LY2784544), decreased
luciferase expression to less than 50% of the control in cells. The baseline luciferase activity
of the 1,4C-1,4Bis polyplex controls was approximately 4x10% luminescence units / mg
protein in all screening experiments with 96 well plates, and the relative luciferase
expression for transfections with each inhibitor was normalized to this polyplex control to
obtain the RLUV values shown in Table 1 and Figure 1.

The relative luminescence values obtained with multiple inhibitors of the same kinase target
were averaged in order to determine the effects of inhibiting specific kinases in Figure 1. It
is clear that Polo-like Kinase 1 (PLK 1) inhibition enhances luciferase expression strongly at
9.5 £ 3.7 fold relative to the polyplex control, and emerged as the predominant intracellular
target. Indeed, the top 4 leads in Table 1 are PLK 1 inhibitors, and the only other PLK 1
inhibitor tested (ON-01910, not shown in Table 1) also displayed 3.2 + 1.5 fold
enhancement. In addition to PLK 1 inhibitors, several other inhibitors for kinases involved in
the cell cycle (CDK, Cyclin, p38 MAPK, and Aurora) also showed 2-fold enhancement or
higher. These include PD0332991 (CDK/Cyclin inhibitor, RLUV = 6.1 £ 5.6), SNS-314
(Aurora inhibitor, RLUV = 6.0 £ 6.1), and Vinorelbine (p38 MAPK inhibitor, RLUV =4.9 +
2.5). Inhibition of the cell cycle kinases also reduced cell proliferation by at least 20%
(Aurora kinase) relative to the control, while some PLK1 inhibitors decreased proliferation
by up to 36% (see Table S3 in the supplementary information section).

In addition to cell cycle kinases, 4 out of the 9 JAK inhibitors tested showed greater than
2.4-fold enhancement (AZ960, AZD1480, AT9283, and AG-490), with the JAK2 inhibitor
AG-490 (ICsg = 10 uM) showing the highest enhancement of 6.4-fold relative to the
polyplex control. Interestingly, AG-490 also inhibits the membrane-bound growth factor
receptors EGFR (ICgg = 0.1 pM) and HER2 (IC5q = 13.5 pM)[39]. Several other growth
factor receptor inhibitors also showed significant enhancement of luciferase expression
compared to the polyplex control, including two additional EGFR inhibitors, CI-1033 and
Neratinib, which showed 2.7 and 3.8-fold enhancement, respectively. Several different
PDGFR inhibitors also enhanced luciferase expression (AP24534, Crenolanib, TSU-68,
Masitinib showed 2.1-2.3 fold enhancement), while Imatinib (aka Gleevec) demonstrated
the strongest enhancement (5.3-fold). It is important to note that multiple PDGFR inhibitors
also inhibit FGFR (AP24534, TSU-68, and Masitinib) and VEGFR (AP24534 and TSU-68).
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Three VEGFR-specific inhibitors also showed 2.3-2.6 fold enhancement (Axitinib,
MGCD-265, and Vatalanib). Finally, the IGF-1R inhibitor NVP-ADW?742 and the TGF-B
inhibitor SB525334 exhibited 4.4- and 2.3-fold enhancement of luciferase expression,
respectively. While these results suggest that growth factor receptor inhibition enhances
transgene expression, several other growth factor receptor inhibitors showed no significant
enhancement of luciferase expression (RLUV < 1.0).

It is important to note that while our screen revealed several kinases that influence transgene
expression (cell cycle kinases, signal transducers, and growth factor receptors), the screen
only included inhibitors for 40 of the 518 known human kinases. Therefore, there may be
additional kinases which influence transgene expression, but are not identified in our screen.
Nonetheless, this screen positively identified one major kinase target, PLK1, which was
selected for further investigation.

Optimization of Transgene Expression with the PLK1 Inhibitors HMN-214 and Bl 2536

The four most effective PLK1 inhibitors, Bl 6727, Bl 2536, GSK 461364, and HMN-214,
were evaluated at various concentrations (0.1-33 uM) in order to further investigate the
effects of PLK1 inhibition on transgene (luciferase) expression. Of these four inhibitors,
HMN-214 and Bl 2536 consistently showed the highest enhancement of luciferase
expression relative to vehicle control with the 1,4C-1,4Bis polymer (11-fold) and PEI (37-
fold) at an optimum concentration of 3.3 uM in PC3-PSMA cells (Figure 2). HMN-214 also
showed higher enhancement with PEI than 1,4C-1,4Bis in MB49 cells, but to a lesser extent
(6 and 12-fold enhancement with 1,4C-1,4Bis and PEI, respectively) at an optimal
concentration of 1 uM. As expected for PLK1 inhibition, HMN-214 also significantly
reduced cell proliferation, with the lowest viabilities (40-50%) at concentrations above 3.3
UM. Interestingly, a sharp drop in proliferation was observed in MB49 cells at the same
HMN-214 concentration which maximally enhances transgene expression (1 uM). It is also
important to note that HMN-214 concentrations = 3.3 uM caused considerable changes in
cell morphology (please see supplementary information, Figure S1). This anti-proliferative
activity of the drug can be useful in cancer gene therapy applications.

The dose optimization of another effective PLK1 inhibitor, BI 2536, is shown in Figure 3. BI
2536 increased luciferase expression 3—6 fold at concentrations of 10 and 100 nM in PC3-
PSMA and MB49 cell lines, respectively. While the optimal concentration for enhancing
luciferase expression differs by a factor of 10 between the two cell lines employed, it is
interesting to note that the optimal concentration in both cell lines coincides with the point at
which cell proliferation is reduced by 40% (Figure 3), suggesting that inhibition of cell
division by the drug is necessary for the enhancement of gene delivery. Concentrations of Bl
2536 above 1 pM (1000 nM) drastically reduced MB49 cell viability to approximately 20%.

Investigation of PLK1 Inhibitor-mediated Enhancement of EGFP Expression

We expanded on the previous luciferase observations by testing the effects of the PLK1
inhibitors on EGFP transgene expression following plasmid DNA delivery. Table 2 shows
the fold-enhancement of EGFP expression per cell (Fluor/cell) and the percentage of cells
expressing EGFP (EGFP+%) for the optimum concentration of each drug (please see
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Figures S2-S8, supporting information section, for full dose range experiments; ON01910
dose responses not shown, as only concentrations of 100 nM and 500 nM were assayed due
to high toxicity). Both Bl 2536 and HMN-214 showed consistently strong enhancement of
transgene expression. Bl 2536 strongly enhanced the fluorescence per cell with the
1,4C-1,4Bis polymer (15.8+4.2), but showed a more modest effect with PEI (3.6+1.6). The
same phenomenon was also observed with Bl 2536 in MB49 cells, where enhancement was
strong with 1,4C-1,4Bis (9.7+3.2), but not with PEI (0.4+1.7). In contrast, HMN-214
showed the opposite effect in PC3-PSMA cells, with higher enhancement of transgene
expression with PEI than 1,4C-1,4Bis polymers. It is possible that these drugs differentially
affect the ability of different polymer carriers to enter cells, perhaps as a function of N to P
ratio. It is worth noting that Bl 6727 also showed significant enhancement of EGFP and
luciferase expression, but this effect was inconsistent (hence the large standard deviation).
The effects of ON01910 were also somewhat inconsistent (32.3+£17.0) and sharply decreased
cell viability. Taken together, it can be seen that inhibition of PLK1 using different small
molecules increases GFP expression across the cell population, and also increases
fluorescence / cell in cells that express the protein.

Representative fluorescence microscopy images for PC3-PSMA cells treated with each of
the four PLK1 inhibitors and 1,4C:1,4Bis-pEGFP polyplexes are shown in Figure 4. Both Bl
2536 and HMN-214 exhibit moderate, yet significant enhancement of EGFP expression in
these cells. Interestingly, the baseline EGFP expression using 1:1 PEI was low enough that
enhancement in transfection was unobservable using the flow cytometry assay, but results
are shown in Table 2 as recorded. Visually, cell fluorescence was almost non-existent with or
without drug when PEI was used as the vehicle for pEGFP delivery. It is important to note
that an optimal weight ratio of 1:1 PEI to plasmid DNA was employed in these studies.

Taken together, the above results with two different reporter genes (firefly luciferase and
EGFP) and two different cationic polymers show that several known or putative inhibitors of
PLK1 are able to significantly enhance polymer-mediated transgene expression in two
different cancer cell lines indicating a wider applicability of this approach.

Effects of PLK1 Silencing on Transgene Expression

Previous results clearly showed that multiple small-molecule inhibitors of PLK1 enhanced
the delivery of multiple transgenes with two cationic polymers in different cell lines. We
therefore investigated if PLK1 silencing / knockdown using a lentiviral vector could enhance
transgene expression in cells. Viruses with four different ShRNA constructs were designed
and investigated for PLK1 knockdown in PC3-PSMA cells. The efficacy of each construct
was tested by immunoblotting cell lysates in order to determine PLK1 expression levels (not
shown). Based on PLK1 knockout (PLK1 KO) efficacy, as determined by Western blot
against two scramble control viruses (Figure 5 left), PLK1 silencing using the virus
expressing PLK1 shRNA 6247 clearly reduced PLK1 expression, as reported previously
[34]. We therefore chose this virus for knocking down PLKL1 in our subsequent experiments.

Lentivirus-mediated PLK1 silencing resulted in a modest but statistically significant increase
in 1,4C-1,4Bis polymer-mediated luciferase expression in PC3-PSMA cells, relative to those
treated with a scramble control virus (Figure 5). However, there was no significant increase

J Control Release. Author manuscript; available in PMC 2021 July 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Christensen et al. Page 11

in transgene expression when using PEI as the polymer (Figure S9, Supplementary
Information). The relatively modest enhancement observed in these experiments compared
to our inhibitor experiments may be due to partial knockdown of PLK1 by the virus (Figure
5). Surprisingly, the scramble control virus increased transgene expression relative to
treatment without any virus when using 1,4C-1,4bis as the polymer carrier (Figure S9).
Given that viruses have evolved to be extremely efficient gene delivery vehicles, in part due
to their enhanced ability to enter target cell nuclei, it is possible that both scramble control
and anti-PLK1 shRNA expressing viruses were able to assist the plasmid in overcoming
particular gene delivery barriers faced by polymer-mediated plasmid DNA delivery. This
could be due to direct virus-plasmid or virus-polymer binding [40, 41], or indirectly by
viral-induced interruption of the target cell’s natural defense(s) against foreign DNA. It is
possible that the virus itself was able to assist the plasmid in circumventing particular gene
delivery barriers overcome by PLKZ1 silencing, thus dampening the increase in observed
transgene expression enhancement using our method of PLK1 silencing. Interestingly, PEI-
mediated gene delivery did not significantly increase in the presence of either virus (Figure
S9), suggesting that PEI and the lentiviral vectors used may assist foreign DNA in
overcoming similar gene delivery barriers.

Effect of cell cycle on PLK1 inhibitor mediated enhancement of transgene expression

Given the established role of PLK1 in cell cycle regulation, we investigated the effects of
HMN-214 and Bl 2536 on PC3-PSMA cell cycle progression (in the absence of polymer or
plasmid DNA). Nuclear DNA was stained with propidium iodide (PI) in order to determine
the amount of DNA using flow cytometry, which allowed us to elucidate the fractions of the
cell population in different stages of the cell cycle phase. In all cases, drugs or equivalent
volume DMSO (vehicle control) were added to cells, in the absence of polyplexes. Figure 6
and Table 3 indicate that vehicle control (i.e. DMSO)-treated cells were mostly in the G¢/G,
phase (63.1 + 7.6%), with a small fraction of the cells in the S (9.6 £ 2.3%) phase, and
approximately a quarter of the cell population (26.6 £7.0%) in the G2 or M phases of the
cell cycle. However, inhibition of PLK1 with 3.3 uM HMN-214 almost completely arrested
cells in the G,/M phase (93.6 £ 1.6%), while PLK1 inhibition with 25 nM BI 2536 also
resulted in strong accumulation of the cell population (87.1 + 5.0%) in the G2/M phase of
the cell cycle. These results are consistent with the known PLK1 inhibition activity of the
drugs [42, 43].

It is generally accepted that dividing cells, especially cells that are at or near the G2/M
transition, are more amenable to transgene expression [44] [45]; indeed, previous studies on
cell cycle effects have indicated that transgene expression efficacy is highest for cells in the
G2/M phase of the cell cycle. Thus, it is very likely that the observed increase in transgene
expression with PLK1 inhibitors is due to the cell cycle arrest in the G2/M phase (Figure 6).
It is likely that the compromised nuclear membrane, due to nuclear membrane breakdown
(NEBD), in the G2/M phase of the cell cycle, plays a role in the observed enhancement in
transgene expression. However, the physicochemical factors responsible for enhancement of
transgene expression in the G2/M phase of the cell cycle are not exactly known at this point,
although the phenomenon itself has been observed in different studies.
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Effects of PLK1 Inhibition on Intracellular Trafficking of Plasmid DNA

Intracellular transport/trafficking of plasmid DNA has been demonstrated to significantly
influence transgene expression in cells [15, 46-52]. As shown in Figure 7, we monitored the
intracellular distribution of fluorescently labeled plasmid DNA with 25 nM BI 2536 and 3.3
UM HMN-214, and without PLK1 inhibitor treatment using confocal fluorescence
microscopy. In the absence of Bl 2536 (Figure 7A), plasmid DNA is localized at the
Perinuclear Recycling Compartment (PNRC, white arrows) at the microtubule organizing
center (MTOC), which is consistent with previous observations of polyplex and nanoparticle
transport in these cells [15, 53]. In contrast, treatment with Bl 2536 (Figure 7B) disrupts
PNRC localization and disperses plasmid DNA throughout the cytoplasm (red arrows).

Images of Bl 2536 treated cells (Figure 7B) and cells simultaneously treated with DMSO
vehicle control (Figure 7A) were acquired 48 hours following transfection, corresponding
temporally to the transgene expression data. Treatment of cells with HMN-214 (3.3 uM),
however, resulted in significant detachment and difficulty in imaging beyond 24 hours; thus
cells treated with HMN-214 (Figure 7D) and vehicle control (Figure 7C) were imaged 24
hours following transfection. Even though images displayed for HMN-214 treated cells
represent a time 24 hours prior to optimal transgene expression, it is still clear that
HMN-214 treatment alters intracellular trafficking of the delivered plasmid (Figure 7D),
resulting in a similar release from the PNRC as observed with Bl 2536 treatment (red
arrows). Both drugs appear to disrupt sequestration of the plasmid at the PNRC, and favor
the distribution of the plasmid throughout the cytoplasm. This behavior is consistent with
our previous observation on increased luciferase expression (20-35 fold enhancement over
untreated controls) following treatment with tubacin, a histone deacetylase (HDAC) 6
inhibitor[15], although it is likely that HDAC 6 inhibition increases transgene expression due
to increased microtubule stability[50, 54]. Therefore, these results suggest that sequestration
within the PNRC has an inhibitory effect, while redistribution of plasmids from this
compartment as in the case of treatment with PLK1 inhibitors, may increase polymer-
mediated transgene expression.

Enhancement in Transgene Expression using Combinations of Inhibitor Molecules

In addition to PLK1 inhibitors, treatment with inhibitors for other kinases also resulted in
enhancement of luciferase transgene expression; for example the JAK inhibitor AG-490
showed a 6-fold enhancement in the kinase inhibitor screen. We therefore hypothesized that
combinations of different inhibitors (e.g. HMN-214 and AG-490) of different kinase targets
may show even stronger enhancement than the individual drugs by themselves. We also
included the histone deacetylase 1 (HDAC 1) inhibitor Entinostat, which has been shown to
enhance transgene expression at concentrations of 10-33 pM [55, 56].

When used with 1,4C-1,4Bis polyplexes, individual inhibitor treatments (H = 3.3 uyM
HMN-214, A = 3.3 UM AG-490, and E = 33 uM Entinostat) increased luciferase expression
10-20 fold higher than the polyplex control, in agreement with Table 1 and Figure 2.
However, every pair-wise combination of the inhibitors resulted in significantly higher
luciferase expression than any of the individual inhibitor treatments (H+A = 34-fold, E+A =
35-fold, and E+H = 49-fold enhancement; Figure 8). Significantly, the combination of all
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three inhibitors (H+A+E) resulted in the highest observed enhancement of 86-fold relative to
the 1,4C-1,4Bis + pGL3.0 polyplex control.

In contrast, polyplexes formed with PEI did not show a significant increase in transgene
expression with inhibitor combinations containing AG-490; 3.3 uM AG-490 (A) alone only
shows a slight enhancement of transgene expression (2.4-fold), indicating some dependence
on the polymer type for this inhibitor. Enhancement by individual treatment of other
inhibitors was similar to previous results; 3.3 uM HMN-214 (H) and 33 puM Entinostat (E)
resulted in 29- and 22-fold enhancement, respectively. Pairwise combinations of AG-490
with HMN-214 or Entinostat did not exhibit significant enhancement of transgene
expression with PEI polyplexes (no statistically significant differences between HA and H,
EA and E, or HAE and HE were observed). Nonetheless, co-treatment of cells with
HMN-214 (PLK1 inhibitor) and Entinostat (HDACL inhibitor) significantly enhanced
transgene expression by up to 78-fold compared to polyplexes alone, and 2—3 times higher
than the individual inhibitor treatments (HE >> H or E). No significant difference in
transgene expression was observed between HAE and HE, further indicating the lack of
efficacy of AG-490 when used in combination with PEI.

While inhibitor combinations showed significant enhancement of transgene expression, it is
important to mention that the toxicity of the inhibitor combinations was not significantly
higher than the individual drug treatments. While all individual drug treatments significantly
decreased cell proliferation relative to both polyplex controls (1,4C-1,4Bis and PEI), no
significant decrease in cell proliferation was observed between the individual and
combination treatments. In contrast, addition of Entinostat to HMN-214 significantly
increased cell proliferation by up to 12% more than HMN-214 or HMN-214 with AG-490
(i.e. cell proliferation with HE > H and HAE > H or AH) with both types of polyplexes.

CONCLUSIONS

To our knowledge this is the first study in which parallel screening of small-molecule
inhibitors has been employed to identify intracellular kinase targets that play a role in non-
viral transgene expression. Our screen, consisting of 182 kinase inhibitors, identified several
different inhibitors which significantly enhanced transgene expression. Specifically, we have
identified Polo-like Kinase-1 (PLK1) as a key target whose inhibition results in enhancement
of non-viral transgene expression. Our results clearly show that the Kinase inhibitors
HMN-214 and BI 2536 significantly enhance transgene delivery and expression in cancer
cell lines. These results are significant since Polo-like kinases are an emerging target for
anti-cancer therapies, and BI 2536 is currently in clinical trials [57, 58]. Inhibition of PLK1
by HMN-214 and BI 2536 enhances transgene expression by arresting the cell population in
the Go/M phase of the cell cycle (when the nucleus is more permeable) and altering
intracellular trafficking of plasmid DNA. These results were reinforced by lentiviral
silencing of PLK1, which also significantly enhanced transgene expression. Most
importantly, combinations of small-molecule inhibitors resulted in significant enhancement
of transgene expression compared to individual inhibitors acting alone. Additionally, the
other inhibitors employed in combination drug treatments, AG-490 [59] and Entinostat [60]
have been demonstrated to possess anticancer activity. Given the aforementioned anticancer
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activity of PLK1 inhibition, combination or individual inhibitor treatments may be used to
enhance the delivery of a cancer therapeutic gene (i.e. cancer gene therapy) to induce
synergistic ablation of tumors.

While treatment with PLK1 inhibitors engendered dramatic reduction in cell proliferation to
the cells used in this study (Figures 2 and 3), it is likely that this level of inhibition of cell
proliferation would be limited to cancer cells, unlikely to highly affect healthy cells in
surrounding tissues. RNA interference to silence PLK1 has demonstrated minimal effects on
cell cycle distribution and cell survival of healthy cells in comparison to cancer cells [61,
62]. Additionally, cancer cells have been demonstrated to be more sensitive than healthy
cells to the small molecule PLK1 inhibitors Bl 2536 [63] and ON01910 [64], both used in
this study, although a study conducted by Steegmaier et al suggests that the cell cycle
distributions of hnTERT-RPE1 immortalized epithelial cells and HeLa cells are equally
affected by Bl 2536 treatment [65]. Nevertheless, PLK1 is overexpressed in many
malignancies and it is expected that, generally, cancerous cells will be more vulnerable to
PLK1 inhibition than healthy cells in corresponding tissues.

Taken together, our current results indicate that PLK1 is a promising target for enhancing
transgene expression in (cancer) gene therapy, cellular/tissue engineering, and transient
protein production. Future work will involve investigation of PLK1 and other lead inhibitors
individually, as well as their combinations using appropriate animal models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Identification of kinase targets that influence transgene expression. The enhancement values

of individual inhibitors with the same kinase target were pooled together to prepare this
figure. The y-axis shows enhancement relative to the polyplex control (RLUV = 1), while
the x-axis indicates the kinase enzyme targeted by the inhibitor(s).
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Figure 2.
Dose-dependent enhancement of luciferase transgene expression by the PLK1 inhibitor

HMN-214 in PC3-PSMA human prostate cancer and MB49 murine bladder cancer cells
following delivery of pGL3.0 plasmid DNA using PEI and 1,4C-1,4Bis polymers. Relative
enhancement of luciferase expression (RLUV) compared to the polyplex control is shown in
the left panels, while effects of the drug on cell proliferation are shown in the panels on the
right side. Asterisks (*) indicate statistically significant difference (student’s T-test) from the
corresponding polyplex control (n = 3 independent experiments; p < 0.05).
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Figure 3.
Dose-dependent enhancement of luciferase transgene expression by the PLK1 inhibitor Bl

2536 in PC3-PSMA human prostate cancer and MB49 murine bladder cancer cells following
delivery of pGL3.0 plasmid DNA using PEI and 1,4C-1,4Bis polymers. Relative
enhancement of luciferase expression (RLUV) compared to the polyplex control is shown in
the left panels, while effects of the drug on cell proliferation are shown in the panels on the
right side. Asterisks (*) indicate p-values <0.05, which show statistically significant
enhancement relative to vehicle control (Student’s t-test).
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Figure 4.
Representative fluorescence microscopy images of PC3-PSMA cells transfected with

polyplexes formed with a 10:1 mass ratio of 1,4C-1,4Bis : pEGFP DNA, in the presence of
no drug (DMSO) or with PLK1 inhibitors, Bl 2536, Bl 6727, HMN-214, ON01910. Images
were obtained using a Zeiss inverted fluorescence microscope 48 hours post-transfection.
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Figure 5.

Left — PC3-PSMA cells were infected with a lentivirus expressing scrambled sequence
shRNA or lentivirus expressing shRNA construct 6247 against the mRNA of PLK1 (denoted
PLK1 KO). Cell lysates, prepared 72 hours after infection, were immunoblotted using a
PLK1 antibody probe. Right — Polymer-mediated transfections with polyplexes formed at a
10:1 1,4C-1,4bis : pGL3 plasmid weight ratio, in PC3-PSMA cells, beginning 48 hours after
infection with the lentivirus, and proceeding for 48 additional hours to allow for
determination of luciferase expression. Transgene expression is reported in relative
luminescence units normalized to protein content, and normalized to cell viability (RLUV /
mg). * p-value =0.02, Student’s T-test, compared to scrambled control.
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Figure 6.
Cell cycle analysis of PC3-PSMA cells treated with vehicle control (DMSO), 25 nM BI

2536, or 3.3 uM HMN-214 using flow cytometry and staining with propidium iodide (P1).
Results from one representative experiment out of N = 3 independent experiments are
shown. The y-axis (counts) indicates the number of cells with the specific fluorescence
intensity shown on the x-axis (BL3-A).
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Figure 7.
Intracellular trafficking of plasmid DNA in presence and absence of PLK1 inhibitors. PC3-

PSMA cells were transfected with polyplexes of PEI:fluorescein (green)-labeled plasmid
DNA at a weight ratio of 1:4. Cells treated with A) vehicle control (DMSO) and B) 25 nM
Bl 2536 are shown 48 hours after co-treatment with polyplexes. Cells treated with C) vehicle
control (DMSO) and D) HMN-214 are shown 24 hours after co-treatment with polyplexes.
Scale bar = 20 um. Blue signal indicates DAPI-stained nuclei, and white arrows indicate
sequestration of plasmid DNA in the perinuclear recycling compartment (PNRC). Red
arrows indicate altered plasmid DNA localization following treatment with PLK1 inhibitors.
Images are representative of three independent experiments (N=3).
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Figure 8.
Effects of inhibitor drug combinations on relative luciferase expression (RLUV, left) and cell

proliferation (right) in PC3-PSMA cells following transfections with 1,4C-1,4Bis and
pGL3.0 plasmid DNA polyplexes. T indicates combinations with RLUV significantly higher
than the corresponding individual treatments (e.g. HE compared to H or E), ¥ indicates triple
combinations (HAE) with RLUV significantly higher than any pair-wise treatment (e.g.
HAE compared to HE, AH, and EA). Asterisks indicate combination treatments containing
HMN-214 with significant increases in proliferation compared to HMN-214 alone. In all
cases, statistical significance was determined using the Student’s t-test, and a p-value < 0.05
was considered significant. H = 3.3 yM HMN-214 (PLK1 inhibitor), A = 3.3 uM AG-490
(JAK/STAT/ EGFR inhibitor), and E = 33 puM Entinostat (HDAC1 inhibitor, N = 3
independent experiments). Error bars indicate standard deviations.
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Enhancement of luciferase transgene expression (RLUV) by the 15 most effective small-molecule kinase
inhibitors identified from the screen.

Inhibitor Kinase Target(s) RLUV
Bl 6727 PLK1 12.4+13.8
Bl 2536 PLK1 12.3+5.3
GSK 461364 PLK1 99+48
HMN-214 PLK1 9.5+8.3
SKI-606 Src/Abl 6.6 +11.0
AG-490 EGFR/JAK/ErbB2 6.4+10.7
PD0332991 CDK 4,6/Cyclin D1,2 6.1+5.6
SNS-314 Auroras A, B, C 6.0+6.1
Imatinib Abl/c-Kit/PDFGR 5347
Vinorelbine p38 MAPK 49+25
VX-702 p38 MAPK 48+4.1
PHA-680632 Auroras A, B, C 44+55
KW 2449 FLT-3/Abl/Aurora A 44+4.1
NVP-ADW742 IGF-1R 44459
SNS-032 CDK 2,7,9 41+24

J Control Release. Author manuscript; available in PMC 2021 July 21.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Christensen et al.

Table 2.

Page 28

Enhancement of polymer-mediated EGFP Expression by PLK1 inhibitors identified as leads from the screen.

PC3-PSMA Cells

1,4C-1,4bis PEI
PLKZ1 Inhibitor EGFP+ Fluor/Cell EGFP+ Fluor/Cell
Bl 2536 (25 nM) 512107 [ 158427 [ 36+16" | 344117
BI 6727 (100nM) | 49+40 | 458+452
HMN-214 33 M) | 43+05% | 56+07" | 67+407 | 155+128
ON01910 (100 nM) | 6.3+3.3 | 32.3+17.0

MB49 Cells

1,4C-1,4bis PEI
PLKZ1 Inhibitor EGFP+ Fluor/Cell EGFP+ Fluor/Cell
Bl 2536 (100 nm) 25+03° | 97+32% | 05+0.2 04+17
HMN-214 33uM) | 1.8+04% | 98+237

*
p<0.05, Student’s t test (two tailed)
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Quantification of PC3-PSMA cells in different stages of the cell cycle in absence and presence of treatment

with small molecule PLK1 inhibitors based on N=3 independent experiments.

Cell Cycle Phase
Sub-G0/GlI
GO/Gl

S

G2/M

Vehicle Control 25 nM BI 2536 3.3 uM HMN-214

0.8+0.3% 2.0+ 1.0% 1.8+0.1%
63.1+7.6% 3.6 £0.6% 1.7+£0.4%
9.6 £2.3% 72+£47% 29+1.2%
26.6 £ 7.0% 87.1£5.0% 93.6 £ 1.6%
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