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Re-examination of Peptide-Sequence-Dependent Gene Expression
of Cysteine-Installed Pegylated Oligolysine/DNA Complexes
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ABSTRACT: We previously synthesized cysteine-installed C-terminally PEGylated oligolysines with 20 amino acid residues to form
cross-linked polymeric micelles (PMs) with luciferase-coding plasmid DNA as a candidate for artificial gene vectors. Luciferase gene
expression in HeLa cells mediated by PEG—CK3C, PEG—CK,CKj, and PEG—K,CKyC was reported to be 35-, 5.4-, and 1.3-fold
higher than that mediated by cysteine-uninstalled PEGylated oligolysine PEG—K,,, respectively. However, after the publication, the
survival rate of HeLa cells used in the previous study was found to be lower than usual when subcutaneously implanted into mice to
create a xenograft model. In this study, to re-examine the peptide sequence-dependent gene expression, gene expression efficacy
mediated by PEG—peptide PMs was compared with the PM cellular uptake results using newly obtained HeLa cell lines and the
additional cell lines Huh-7, PANC-1, and BxPC3. As a result, PEG—K,CK,C PMs mediated the maximum gene expression in all cell
lines, and the corresponding cellular uptake was also obtained. Therefore, we concluded that our previous results were erroneously
obtained due to normality-depleted HeLa cells. A comparison of physicochemical characterizations, gene expression efficacy, and
cellular uptake of PEG—peptide PMs is discussed in detail.

B INTRODUCTION specific cells has often been employed to formulate delivery
systems.”” "'

Functionalization by installing cell-targeting ligands and
intracellular signals in a multilayered manner is an advantage of
synthetic polyplex systems,'” whereas another strategy is to
explore the specific sequence of DNA-binding peptides to
enhance gene expression efficacy. For this purpose, PEGylated
peptides synthesized by solid-phase peptide synthesis (SPPS)
seem preferable because SPPS can offer a singly defined
sequence suitable for the correlational study of peptide
sequences and bioactivities.'"> On the contrary, PEGylated

polypeptides prepared by polymerization of N-carboxyanhy-

and resulted in the desired expression at the nasal mucosa of . . . ..
dride (NCA) of ds (NCA lym t h
the inferior turbinate.>® On the other hand, the realization of ride ( ) of amino acids ( polymerization) have

gene expression at target organs via systemic intravenous
administration is still a challenging goal. Considerable efforts
have been devoted to synthesizing improved gene transfer
systems with high efficiency because artificial vector systems,
including polyplexes and lipoplexes, generally show low
expression regardless of being safer than virous systems.”*
To enhance gene expression efficacy, ligand conjugation for

PEGylated peptides' > and PEGylated polypeptides* ° are
treated as artificial gene vector backbones for gene therapy. In
many cases, the peptide-based gene vector backbone is mainly
composed of basic amino acids, lysine, or arginine. A few
successful examples of 10 kDa PEG-substituted lysine 30-mer
CK30PEGI10k that mediated transgene expressions in both
alveolar and airway epithelium mice cells via intratracheal or
intranasal instillation®” and in rat brains via intranasal
administration”® were reported. The former led to clinical
trials for cystic fibrosis transmembrane regulator gene transfer
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heterogeneity in the degree of polymerization (DP) and face
difficulties in precisely arranging amino acid sequences.'”'
For example, systematic studies on PEG—poly(L-lysines)
(PEG—PLL)° and unconjugated PLL" prepared by NCA
polymerization showed no correlation between the average DP
of PLL and in vitro gene expression efficacy.

Peptide-based polyplex systems have had their structure—
activity relationship successfully demonstrated in a compara-
tive study between clustered (KKKHHHHKKK), and
dispersed (KHKHKHKHKK), peptides fused to a fibroblast
growth factor, where the former exhibited 6-fold higher
transfection efficiency.® A similar trend was observed in
gene expression mediated by sequence-regulated poly-
(histidine-co-lysines), poly(HgK,), poly[(HHK),], poly-
[(KKH),], and poly[(HK),]."” Although the interaction of
protonated histidines and endosomal membranes that is
believed to be key for endosomal release of polyplexes is still
under debate, contiguous sequences of trimeric histidines H;
or longer enhanced gene expression efficacy in many cases of
histidylated oligolysines prepared by SPPS.'®™'*

The modulation of peptide sequences by adding other
amino acids can enhance gene expression efficacy, as shown in
the above examples. Another example was reported in in vitro
reporter gene expression mediated by C-terminally PEGylated
cysteine-containing oligolysine peptides.'” We reported that
gene expression in HeLa cells mediated by PEG—CK,C,
PEG—CKyCK,, and PEG—K,CK,C was 35-, 5.4-, and 1.3-fold
higher, respectively, than that mediated by cysteine-uninstalled
PEGylated oligolysine PEG—K,,. On these PEG—peptides, the
positions of cysteines introduced were chosen as special
positions from the viewpoint of polymer segment mobility. In
this case, cysteine residues were incorporated to form cross-
linked polyplex micelles (PMs) by disulfide bonds and to
facilitate intracellular DNA release due to reductive environ-
ment-responsive disulfide cleavage. However, the mechanism
of peptide-sequence-dependent gene expression remains
unknown.

In addition, the survival rate of HeLa cells used in the
previous study was found to be lower than usual when
subcutaneously implanted into mice to create a xenograft
model—this was observed after publication. We seriously
considered this fact and decided to re-examine the sequence
dependency in the PEG—peptide PM-mediated gene ex-
pression using newly obtained HeLa cells and several other
cell lines. Although a complete understanding of the
mechanism of peptide-sequence-dependent gene expression
is difficult, in an attempt to find evidence of cellular response
to the above PMs, reporter gene expression efficacy and
cellular uptake in HeLa, Huh-7, PANC-1, and BxPC3 cell lines
were evaluated in this study. These four cell lines that are
subcutaneously transplantable to create mouse xenograft tumor
models were chosen for the in vivo experiments in the future
work.

We confirmed a different trend of sequence-dependent
reporter gene expression mediated by the cross-linked PMs in
all the studied cell lines. The highest gene expression was
observed in the expression mediated by PM composed of
PEG—K,CKyC in all cell lines, and this trend differed from our
previous study. In the present study, the EtBr dye exclusion
assay, gel electrophoresis retardation assay, and TEM
observations were carried out as preliminary characterizations
of PMs. A detailed discussion is provided by comparing gene

expression efficacy and cellular uptake of cross-linked PMs
formulated by cysteine-installed PEGylated oligolysines.

B EXPERIMENTAL SECTION

Materials. a-Methoxy-w-amino-PEG (MeO-PEG-NH,, M,
= 12 kDa, M,,/M, = 1.02) was obtained from NOF (Tokyo,
Japan). N-Protected amino acids were obtained from Merck
(Darmstadt, Germany). 1-Hydroxybenzotriazole hydrate
(HOBt), N,N'-diisopropylcarbodiimide, and triisopropylsilane
(TIS) were purchased from Sigma-Aldrich (St. Louis, MO).
Dithiothreitol (DTT) was purchased from Nacalai Tesque
(Tokyo, Japan). Plasmid DNA Col E1 was purchased from
Nippon Gene (Toyama, Japan). Luciferase-coding plasmid
DNA pCAG-luc2 (6477 bp) and human hepatoma cell line
Huh-7 were obtained from RIKEN Bioresource Research
Center (Tsukuba, Japan). This pDNA was amplified in
competent DHSa Escherichia coli cells, followed by extraction
and purification using the NucleoBond Xtra Maxi Plus EF
(Macherey-Nagel, Duren, Germany). pDNA was later
reconstituted in 10 mM HEPES buffer (pH 7.4). Two types
of human pancreatic adenocarcinoma cell lines, PANC-1 (liver
nonmetastatic) and BxPC3 (highly liver metastatic), were
provided by the American Type Culture Collection (Manassas,
VA). HeLa cells were a gift from Prof. Toshiya Sakata of the
University of Tokyo.

PEGylated Peptides. C-terminally PEGylated peptides
used in the previous report'” were employed in the current
work. Briefly, protected peptides were synthesized using Fmoc-
based SPPS on 2-chlorotrityl resins (Advanced ChemTech,
Louisville, KY) in N-methyl-2-pyrrolidone using a peptide-
synthesizing shaking apparatus (KMS-3, Kokusan Chemical,
Yokohama, Japan). Fmoc-protected and Boc-protected amino
acids were used for peptide elongation and the N-terminal,
respectively. To obtain protected peptides, 25% hexafluoro-2-
propanol dichloroethane solution was applied for 2 h at room
temperature. The protected peptides were confirmed by
electrospray ionization mass spectrometry (ESI-MS, micro-
TOF, Bruker Daltonics, Bremen, Germany) in negative mode
and 'H NMR (JNM-ECS400, JEOL, Tokyo, Japan).
PEGylation was performed using a method similar to that
used for peptide elongation. After the PEGylation, an excess
amount of unreacted peptide was removed by the preparative
GPC (HLC-8220GPC, Tosoh, Tokyo, Japan). GPC con-
ditions and all GPC charts of purified protected PEG—peptides
are given in the Supporting Information (Figures S1-S54).
Other characterizations of PEG—peptides were reported
previously."”

In this study, PEG—K,CK,C, PEG—CK,3C, PEG—CK,CK,,
and PEG—K,, were used as PEG—peptides. As described in
the Introduction, cysteines were inserted at two positions of N-
terminal, C-terminal, or the center of peptides as typical
positions from the viewpoint of polymer segment mobility.
The mobility of the terminal residue of the polymer chain is
greater than that of other residues.”” The residue connecting to
PEG also possesses different mobility from inner residues
because all residues except for both peptide terminals have
electrostatically anchoring residues at both neighbors.

Generally, reducing agents can cleave disulfide bonds
localized at the surface where solvent molecules are accessible.
Disulfide bonds inside the protein are hardly cleavable even by
tributylphosphine which is a stronger reductant than DTT
without the help of denaturing agents like urea.”’ Therefore,
disulfide bonds inside the PM’s core are hardly cleavable
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Table 1. Morphometric Characteristics for the Histogram of PM Rod Length Observed in TEM Images (Figure 4)“

PEG—K,CK,C
mean rod length (SD)/nm 342.6 (104.7)
mode”/nm 310
<200 nm/count 6
ring-shaped‘/% 7.6
mean surface area/nm? 8385

PEG density/chains/nm” 0.081

PEG—CK,,C PEG—CK,CK, fPEG—K,,
3284 (95.8) 377.4 (109.5) 217.2 (84.4)
310 310, 330 210

9 1 47

16.3 28.6 24.2

8215 8787 6749

0.083 0.076 0.091

“n = 100 for rod-like PMs. “Expressed by the central value of each class (class interval is 20 nm). “Deduced from the number of ring-shaped PMs

observed in measuring rod-like PMs up to 100.

similarly. Considering that the formation of a disulfide bond is
an equilibrium reaction, the disulfide bonds possessing a high
degree of freedom of mobility are thought to be more
exchangeable. We thought that these complicated interactions
might be related to peptide sequence differences and that they
can modulate the PM’s stability or pDNA release property
both inside and outside the cell.

Preparation of Cross-Linked PMs. PEG—peptides were
dissolved in 10 mM HEPES (pH 7.4), and to cleave any
preformed disulfide bonds an appropriate amount of DTT
stock solution (100 mM) was added so that the final DTT
concentration became 10 mM. The solutions were allowed to
stand for 30 min at room temperature. PMs were then
prepared at a ratio of positive charges of the polymer to DNA
phosphate negative charges (N/P ratio) of 2.0 or as desired by
fast mixing of the PEG—peptide solutions with an adequate
quantity of pDNA stock solution. To remove DTT, double
dialysis using a Mini Dialysis kit (8 kDa cutoff; GE Healthcare
Japan, Tokyo, Japan) was carried out against 10 mM HEPES
containing 0.5% (v/v) DMSO for 24 h for the first dialysis and
10 mM HEPES for 48 h for the second. The final pDNA
concentration for PM formulation was adjusted to 20.0 pg/mL
for the agarose gel electrophoresis or to 33.3 pg/mL for TEM
observation and the in wvitro assay. The disulfide bond
formation of cross-linked PMs was confirmed by Ellman’s
method.”

EtBr Dye Exclusion Assay. A sample solution containing
1.0 ug/mL of pDNA and 0.5 ug/mL of EtBr was titrated using
the PEG—peptide solution until the maximum N/P ratio was
10.0. Both solutions contained 10 mM DTT to avoid
dimerization of PEG—peptides. The fluorescence intensity of
EtBr excited at 510 nm was measured at $90 nm at fixed N/P
ratios using a spectrofluorometer (FP-8300; Jasco, Hachioji,
Japan). The relative fluorescence intensity F, is defined as
follows

E = (P;ample - E))/(EOO - E))

where Fg, is the sample fluorescence intensity; Fio is the
intensity measured at N/P = 0; and F, is the background
intensity.

Agarose Gel Electrophoresis. Agarose gel (0.9%) was
prepared, and electrophoresis was performed at 100 V for 30
min in 3.3 mM TAE buffer (pH 7.4). When the PM stability
under physiological salt concentration was evaluated, the PM
samples were left to stand in the desired salt concentration for
24 h before electrophoresis. Similarly, a reductive environ-
ment-responsive pDNA release was evaluated by preincubation
with 10 mM DTT for 24 h. Immediately after electrophoresis,
the gel was stained with 0.5 pyg/mL of EtBr for 30 min and
washed in water for 30 min, followed by observation on an UV
transilluminator. PM stability was also assessed by the

15480

polyanion exchange reaction, which was carried out by adding
sodium dextran sulfate (M,, = S00 kDa) to the PM solution.
PM solutions (10 yuL, 33.3 ug/mL of DNA) were mixed with
an adequate volume of sodium dextran sulfate solutions in 10
mM HEPES buffer with 150 mM NaCl. The ratios of sodium
dextran sulfate to DNA (S/P ratio) were set to 0, 2.0, 3.0, and
5.0. Each sample was electrophoresed after 2 h of incubation at
37 °C.

TEM Characterization. PM morphology was observed
using a JEM-1400 transmission electron microscope (JEOL)
operated at 120 kV. Carbon-coated copper grids with a
collodion film (JEOL) were hydrophilized using a hydrophilic
processor (DII-29020HD, JEOL). On the hydrophilized grids,
2 uL each of uranyl acetate (2% w/v) and PM solutions were
mixed and allowed to stand for 30 s. Sample-deposited grids
were blotted onto filter paper to remove excess solution. Rod-
like pDNA condensates were observed as the major PM
morphology, whereas ring-shaped PMs were minor. The long-
axis length of rod-like PMs was measured on TEM images
using Image] 1.47 software.”’ A hundred rod-like PMs were
measured to plot the rod length distribution of each PM.

In Vitro Gene Expression Assay. Hela, Huh-7, and
PANC-1 cells were seeded onto 24-well plates (50000 cells/
well) and incubated at 37 °C in 5% CO, for 24 h in 400 uL of
DMEM medium (Wako Pure Chemical, Tokyo, Japan)
containing 9% fetal bovine serum (Thermo Fisher Scientific,
Waltham, MA) and 0.9% penicillin-streptomycin (Thermo
Fisher Scientific). For BxPC3 cell proliferation, the RPMI-
1640 medium was used instead of DMEM, and other
conditions were the same as above. Immediately after the
medium change, a PM solution containing 1 ug of pCAG-Luc2
pDNA was added to each well and incubated for 24 h. After
the medium was changed again, the cells were incubated for
another 24 h. Then, all media were removed, and the cells were
washed twice with 200 uL of phosphate-buffered saline (Wako
Pure Chemical). After 20 min of incubation with 150 uL of
passive lysis buffer (Promega, Madison, WI) at 37 °C, 20 uL of
the Iysate was mixed with 100 uL of luciferase assay reagent,
and luciferase gene expression was evaluated by measuring
luminescence intensity using a Mithras LB 940 multimode
microplate reader (Berthold Technology, Bad Wilbad,
Germany). Additionally, the expressed protein was quantified
using the Micro BCA protein assay reagent kit (Thermo Fisher
Scientific), and transfection efficacy was represented as relative
light units/mg of protein. Note that the background value was
subtracted from each datum (n = 4).

Cellular Uptake Assay. Plasmid DNA pCAG-luc2 was
fluorescently labeled using a Label IT Tracker CyS kit (Mirus
Bio, Madison, WI) according to the manufacturer’s protocol.
HeLa and BxPC3 cells were seeded using the same protocol
described above. After removal of the PM-containing medium,
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Figure 1. Relative binding affinity of PEG—peptides to pDNA in the absence (A) or presence (B) of salt. PEG—K,, (open circle), PEG—K,CK,C

(blue circle), PEG—CK4C (red triangle), and PEG—CK,CK, (cross

).

the cells were treated with a trypsin—EDTA solution. The
corrected cells were washed with PBS through centrifuge
separation and resuspension. Suspended cells were injected
into a cell sorter (FACSAria III, BD Bioscience, Franklin
Lakes, NJ), and fluorescence from cells containing CyS-labeled
pDNA excited at 633 nm was detected (n = 10 000).

Statistical Analyses. Distributions of PM rod length
observed in TEM images are expressed by their histogram
(Figure 4). Mean rod lengths are reported with their
corresponding standard deviation (SD) (Table 1). PM-
mediated gene expressions (Figure 6) were analyzed using a
one-way analysis of variance (ANOVA) with a post hoc Tukey
honesty significant difference (HSD) test. The statistical
significance was set at *p < 0.05. Means are reported with
their corresponding standard error (SE).

B RESULTS AND DISCUSSION

PM Formation. Prior to the physicochemical character-
ization of PMs, the binding affinity of PEG—peptides to pPDNA
Col E1 was tested using an EtBr dye exclusion assay (Figure 1)
and an agarose gel electrophoresis retardation assay (Figure 2).
In the EtBr dye exclusion assay, the PEG—peptide binding
ability to pDNA can be exemplified by measuring the decrease
in the fluorescence intensity of EtBr. This decrease in
fluorescence intensity reflected the release of intercalated
EtBr from pDNA upon PEG—peptide binding. As shown in
Figure 1, when the N/P ratio increased, the EtBr fluorescence
intensity sharply decreased at the initial stage N/P < 1.0,
followed by a plateau region despite the presence or absence of
added salt. This result is in close agreement with our previous
work."”

A gel retardation assay was conducted in the case of PEG—
K, as a typical example in the presence of 150 mM NaCl. The
gel electrophoretic mobility of pPDNA also qualitatively reflects
the binding of PEG—peptides to pDNA. As shown in Figure 2,
pDNA mobility decreased sharply in the region of N/P < 0.75,
and pDNA migration was not detected with a further increase
in PEG—=K,,. This trend is consistent with the EtBr dye
exclusion assay results, as shown in Figure 1, and the zeta
potential measurement results of our previous work.'” In the
range of tested N/P ratios, a charge-inverted PM>**® that
occurs with the presence of excess cations and migrates toward
the opposite direction was not detected, suggesting that PMs
composed of PEG—peptides were formulated as charge-

15481

N/P=0 01 02 03 04 05 075 1.0 1.5 20 3.0 50

Figure 2. Agarose gel electrophoresis to assess the PM formulation in
the case of PEG—K,, in the presence of 150 mM NaCl.

neutralized pDNA condensates in the presence of added salt.
Based on these characterizations, the N/P ratio was set at 2.0
as a standard condition.

As for PM morphology, TEM observation was performed on
negatively stained PMs using uranyl acetate. A pDNA pCAG-
Luc2 (6477 bp, total length: 2202 nm) was used for further
experiments described below. As exemplified by the TEM
image of PMs composed of PEG—CK,CK, shown in Figure 3,
both rod- and ring-shaped PMs were observed as being major
and minor in all samples, respectively. The percentage of ring-
shaped PMs was less than 30%, as indicated in Table 1. The
rod length distributions for all the PMs were evaluated using a

Figure 3. TEM image of cross-linked PMs composed of PEG—
CKyCKjy. The scale bar indicates 200 nm.
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histogram analysis, as shown in Figure 4. The contour length of
DNA measured from TEM images was somewhat shortened,
as previously reported.”*

20
PEG-K,CK,C
15 7
01 01
PEG-CK,,C
P
O
S Tl |
=)
o
1%}
i PEG-CK,CK,
15 .

[ | 1
0 200 400 600 800 1000
Length (nm)

Figure 4. Rod length distribution analyzed from TEM images. n =
100 in each PM sample, [NaCl] = 150 mM.

In the cross-linked PMs, the greatest frequency in the rod
length distributions was found in the range from 300 to 340
nm, and highly folded PMs with rod lengths shorter than 200
nm were significantly fewer (Figure 4 and Table 1). These
trends in rod length distributions of cross-linked PMs were
consistent with our previous work.'” However, the rod length
distribution of non-cross-linked PMs composed of PEG—K,,
remarkably differed from those of other cross-linked PMs. The
number of PMs with rod lengths shorter than 200 nm reached
almost half the population of non-cross-linked PMs composed

of PEG—K,,. This difference might be somewhat influenced by
the type of pDNA used. pCAG-Luc2 was employed in this
work, and the previous one was model pDNA Col E1.

More specifically, the percentages of rod-like PMs longer
than 400 nm in PEG—K,CK,C PMs and PEG—CKy,CK, PMs
were 26 and 30%, respectively, which were slightly more than
that in PEG—CK,;,C PMs (14%). In contrast, in PEG—CK,C
PMs, PMs shorter than 360 nm accounted for 82%. Although
the size was not measured, the ratio of ring-shaped PMs
observed during the measurement of rod-like PMs was quite
different depending on the peptide sequence. These values
were somewhat lower than those in our previous work and
possibly affected by the difference in pDNA employed.

PM Functionality. In our system, two cysteine residues
were incorporated into PEG—peptides to equip PMs to release
pDNA in response to the intracellular reductive environment
but were stable outside the cells. Therefore, both PM stability
in the physiological salt solution and pDNA-release properties
under reductive conditions that mimic an intracellular
environment should be evaluated.

These two properties of PMs were examined by a gel
electrophoresis retardation assay in the presence of dextran
sulfate as a model polyanion because negatively charged
polysaccharides such as heparan sulfates were reported to
inhibit polyplex->> and lipoplex-mediated”® in wvitro trans-
fection. Additionally, dissociation of polyplexes was suggested
at the kidney glomerular basement membrane’’ and in the
extracellular matrix of the liver,”® which are both bound to
heparan sulfate proteoglycans. Thus, their interactions with
polyplexes are suspected to affect the efficacy of polyplex-
mediated gene delivery.

Therefore, sodium dextran sulfate was added to the PM
solutions at different charge ratios, the ratio of the sulfate
groups of dextran sulfate to pPDNA phosphates (S/P ratio), and
the sample solutions were allowed to stand for 2 h before
electrophoresis. As a result, in the absence of DTT (right series
of Figure 5), all cross-linked PMs maintained their complexed
forms at any S/P ratio in the presence of added salt, whereas
PMs composed of PEG—K,, released pDNA at S/P = 5.0.

Under reductive conditions (left series of Figure S), all
cross-linked PMs released pDNA depending on the S/P ratio
in the presence of 10 mM DTT. This result indicates that
incorporating cysteine residues into PEG—oligolysines con-
tributed to the functionalization of intracellular reductive
environment-responsive pDNA release into PEG—peptide
PMs. The S/P ratio dependency observed in the pDNA-
release property reflected the PM stability that was affected by
the peptide sequence of PEG—peptides. This dependency
indicates that PMs composed of PEG—K,CK,C and PEG—
CK;3C (lanes 1 and 2, respectively) were robust PMs,
consistent with our previous work."” From the viewpoint of
physicochemical characterizations, the reproducibility of PM
formation with cysteine-installed PEG—oligolysines was firmly
confirmed.

The stability of PMs against DNase or serum was also
assessed by a gel electrophoresis retardation assay. pDNA
fragmentation was confirmed against DNase, but the degree of
pDNA fragmentation was similar in all PM samples (runs #1
and #2 of Figure SS in the Supporting Information). For the
PM stability against serum, whereas non-cross-linked PMs
(PEG—K,, PMs) easily released pDNA, all cross-linked PMs
were equally stable (runs #3 and #4 of Figure SS in the
Supporting Information). To release pDNA from all cross-
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Figure 5. PM stability assessed by the polyanion exchange reaction by
adding sodium dextran sulfate with (left) or without (right) DTT.
The ratios of sodium dextran sulfate to DNA (S/P ratio) were set to 0
(A), 2.0 (B), 3.0 (C), and 5.0 (D). Lanes 1: PEG—K,CK,C; lanes 2:
PEG—CK5C; lanes 3: PEG—CK,CKy; and lanes 4: PEG—K,,. All the
sample solutions were prepared in the presence of 150 mM NaCl.

linked PMs, a ten times higher DTT concentration was finally
employed in the additional experiment (run #S of Figure SS in
the Supporting Information). Against FBS, all cross-linked

PMs were stable, and pDNA fragmentation was not observed.
Additionally, to confirm the PM stability prior to and after the
incubation in serum, DLS measurements were conducted.
From DLS measurements, the colloidal stability of all PMs was
confirmed, and aggregation was not detected even after 24 h of
incubation with the presence of 10% FBS (Figures S6—S9 in
the Supporting Information). Therefore, there is no significant
difference in the stability of cross-linked PMs.

In Vitro Luciferase Gene Expression in Different Cell
Lines. A comparison of PM-mediated gene expression efficacy
in different cell lines was assessed to re-examine the peptide-
sequence-dependent gene expression observed in HeLa cells in
our previous study,” and the presence or absence of cell line
dependency in gene expression was also evaluated using the
additional cell lines Huh-7, PANC-1, and BxPC3. These four
cell lines were chosen for the in vivo experiments in future
work.

From Figure 6, one can see that PEG—K,CK,C PMs
showed the highest gene expression in each cell line. Gene
expression efficacy mediated by PEG—K,CK,C PMs was 2- to
8-fold greater than that of other PMs. While a one-way
ANOVA did not recognize the significance in PM-mediated
gene expression in BxPC3 cells [F(4,19) = 1.74, p = 0.19],
those in other cell lines showed significant results: Huh-7
[F(4,19) = 11.61, p < 0.001], HeLa [F(4,19) = 832, p <
0.001], and PANC-1 [F(4,19) = 8.11, p = 0.0011]. The highest
gene expression mediated by PEG—K;,CK,C PMs in these
three cell lines with statistical significance p < 0.05 was also
confirmed by ANOVA with a posthoc Tukey HSD test.
Among gene expressions mediated by PEG—CKsC, PEG—
CK,CKy, and PEG—K,, significant differences were not
recognized by ANOVA in all cell lines. When Lipofectamine
2000 was used for comparison, the gene expression efficacy
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Figure 6. Cell line dependency in PM-mediated in vitro gene expression efficacy (n = 4, mean + SE). The data are expressed as relative light units
(RLUs) and an arbitrary unit (AU), and the background value was subtracted from each datum. A one-way ANOVA with post hoc Tukey HSD test
was used for the statistical analysis. The statistical significance was set at *p < 0.05.
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Figure 7. Cellular uptake of PMs loading CyS-labeled pDNA against HeLa (left) and BxPC3 cell lines (right) examined by flow cytometry. Cellular
uptake of the cross-linked PMs composed of PEG—K,CK,C (A, D), PEG—CK,C (B, E), and PEG—CK,CK, (C, F) was compared with those of
non-cross-linked PMs composed of PEG—K,, and cells without the addition of PMs as a control (n = 10 000).

was 10%fold higher than that of the most efficient PEG—
peptide (PEG—K,CK,C) in the luciferase assay using Huh-7
cells. The evaluation of PEI was omitted from the graphical
representation.

A considerable enhancement in reporter gene expression was
only observed in PEG—K,CK,C PMs, despite the presence of
minor modulation in other PM-mediated expressions in this
study. The previously reported observation that PEG—CK,,C
PMs'” mediated the maximum gene expression in HeLa cells
seems to be erroneously obtained due to normality-depleted
HeLa cells, as described in the Introduction. Generally, a
marked difference in gene expression efficacy was observed
according to the cell lines employed. The cell-line-dependent
magnitude relationship in gene expression can be considered in
relation to the differentiation properties of each cell line that

15484

can affect cellular activity, i.e., proliferation rate. The
population doubling time of PANC-1 and BxPC3 cell lines
has been reported to be 54 and 48—60 h, respectively.”” In
fact, these two cell lines showed considerably lower expression
than those observed in Huh-7 and HeLa cell lines (Figure 6).
HeLa cells that exhibited a generally higher expression
possessed a much shorter population doubling time of 24
h.* After hypothermic incubation at 4 °C, the reporter gene
expression mediated by all PMs was evenly reduced to less
than 20% of the normal expression in all cell lines (data not
shown).

In Huh-7 and HeLa cells, non-cross-linked PMs composed
of PEG—K,, exhibited significant expression, demonstrating
the superiority of PEG-oligolysines as a platform for synthetic
gene delivery carriers. On the other hand, cross-linked PMs
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composed of PEG—CK,CK, showed almost equal or lower
gene expression than that observed in non-cross-linked PMs in
all cell lines, suggesting no advantage in gene expression
efficacy. Additionally, for the cross-linked PMs composed of
PEG—CK,4C, higher gene expression than that mediated by
PEG—K,, was obtained only in the PANC-1 cell line.
Therefore, among the cross-linked PMs, it is reasonable to
conclude that only PEG—K,CKyC PMs had an enhanced gene
expression advantage relative to non-cross-linked PMs
composed of PEG—K,,.

Cellular Uptake of PMs in Different Cell Lines. Finally,
we attempted to determine the relationship between the
PEG—peptide sequence and gene expression efficacy by
comparing cellular uptake and gene expression results. The
cellular uptake results of all PMs using HeLa and BxPC3 cell
lines are graphically shown in Figure 7. In addition, the values
of mean fluorescence intensity corresponding to each panel of
Figure 7 are shown in Table 2 as a cell-number-based

Table 2. Mean Fluorescence Intensity for Cellular Uptake
Obtained by Flow Cytometry

arithmetic mean HeLa BxPC3
PEG—K,CK,C 3344 3159
PEG—CK,,C 2071 1855
PEG—-CK,CK, 2782 2188
PEG—Ksy, 764 610
cells without PM 111 81

arithmetic mean (the effect of fluorescence intensity was not
considered as a weighting factor in the calculation). In this
assay, nontransfected cells were used as controls in each cell
line.

While the difference in gene expression efficacy in these two
cell lines was 2 orders of magnitude higher in all the PMs
(Figure 6), the amount of cross-linked PMs incorporated into
each cell line remained in the same order of magnitude (Table
2). In the polyplex and lipoplex systems, a similar trend in
which the range of variations in reporter gene expression was
much greater than that in cellular uptake was often
reported.”’ ™** Interestingly, the amount of non-cross-linked
PMs (PEG—K,, PMs) taken by each cell line remained
consistently lower in the range from 27 to 37% of those of
cross-linked PMs composed of PEG—CK;C and PEG-—
CKyCK, (Table 2), whereas the gene expression efficacy
mediated by PEG—K,, PMs reached the same level as those of
PEG—CK3C PMs and PEG—CKyCK, PMs. Although the use
of disulfide-cross-linked vectors that release pDNA in response
to the intracellular reductive environment was sug-
gested,”''®*" the results obtained in this study indicate that
it is not always possible for the installation of disulfide cross-
linking into PMs to enhance the PM-mediated gene
expression.

Let us consider the relationship between PEG density of
PMs and cellular uptake. The PEG density on rod-like PMs is
obtained by dividing the number of PEG—peptides bound to
pDNA by the surface area of the PM core, which was
composed of pDNA and peptide segments. For simplicity,
when the rod-like PM is treated as a circular cylinder with
mean rod length, the surface area of the PM core is given by
the sum of the surface of the cylinder side and the area of both
ends. In this calculation, the interhelical spacing was assumed
to be 3.04 nm according to small-angle X-ray scattering

measurement for PLys/DNA complexes.”’ The number of
PEG—peptides bound to pDNA was calculated to be 682 for
cysteine-installed PEG—peptide PMs and 617 for PEG—Ky,
PMs by assuming charge-neutralized PMs because PM charge
neutralization was confirmed by the results of gel electro-
phoresis (Figures 2 and ), and almost PMs were suggested to
be formulated from single pDNA condensates by the TEM
analysis of our previous study.'” The PEG density on PMs was
calculated from the relationship between the surface area of the
PM core and the number of PEG—peptides bound to pDNA.
As shown in Table 1, the PEG density on cysteine-installed
PEG—peptide PMs (cross-linked PMs) was calculated to be
sparser than that of PEG—K,;, PMs (non-cross-linked PMs).
Similarly, Tockary et al. reported that longer rod-like PMs have
a sparser PEG layer on PEG—PLL PMs.”

From the results of PM cellular uptake (Figure 7 and Table
2), the amount of cross-linked PMs taken by each cell line was
calculated to be from 2.7- to 5.2-fold higher than that of non-
cross-linked PM. Whereas smaller polyplexes are generally
known to exhibit higher cellular uptake,” the opposite result
that the longer PMs were effective in the cellular uptake was
obtained in the present study. This fact may relate to the
sparser PEG density on the cross-linked PM surface. On the
comparison between cross-linked PMs and non-cross-linked
PMs, this idea corresponds to the concept of a PEG
dilemma.*® Thus, the sparser PEG density on cross-linked
PMs may contribute to the increased cellular uptake of cross-
linked PMs.

Considering the gene expression efficacy in detail, PEG—
KyCKyC PMs seem to have a considerable advantage over
other PMs in all cell lines, exhibiting two to eight times the
gene expression efficacy of other PMs. However, the amount of
cellular uptake of PEG—K,CKy,C PMs remained only 1.2- to
1.7-fold higher than that mediated by other cross-linked PMs.
Therefore, it can be said that PM-mediated gene expression
efficacy was not directly affected by the efficacy of cellular
uptake of PMs.

In the present study, disulfide cross-links were introduced to
improve extracellular PM stability and facilitate pDNA release
inside the cells but not to accelerate the gene expression of
particular PMs. Although the rod length distributions of cross-
linked PMs were not substantially different among them and
the robustness of PEG—Ky,CK,C PMs and PEG—CK 3C PMs
were almost the same, it is unexpected that the slight advantage
in cellular uptake of PEG—K,CK,C PMs seems to be largely
enhanced in synergy with unknown intracellular processes,
leading to the resultant maximum gene expression in PEG—
KyCKyC PMs alone. Further studies including a time
dependency of PM-mediated gene expression or the intra-
cellular traffic of PMs should be conducted to clarify the key to
this enhancement of intracellular processes.

B CONCLUSION

This work was conducted to re-examine the previously
reported peptide-sequence-dependent gene expression medi-
ated by double-cysteine-installed PEGylated oligolysines.
Cysteine-installed PEG-oligolysines were synthesized to
formulate reductive environment-responsive PMs as candidates
for artificial gene vectors, which exhibited pDNA release under
intracellular reductive conditions. From the physicochemical
characterizations, including an EtBr dye exclusion assay, TEM
observation, and a gel electrophoresis retardation assay, the
reproducibility of PM formation with cysteine-installed PEG-
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oligolysines was firmly confirmed. To evaluate bioactivities,
luciferase gene expression and cellular uptake were evaluated
to elucidate the correlation between these cellular functions.
We previously reported that PEG—CK 3C PMs mediated the
maximum luciferase gene expression in HeLa cells, which was
35-fold higher than that mediated by cysteine-uninstalled
PEGylated oligolysine PEG—K,, However, in the present
study, the maximum reporter gene expression was observed in
PEG—K,CK,C PMs in all cell lines assessed. The enhancement
in reporter gene expression was 2- to 8-fold higher than that
mediated by other PMs. Although maximum cellular uptake
was observed in PEG—KyCK,C PMs, the differences among all
PMs remained in the same order of magnitude. Thus,
unknown intracellular processes might enhance the slight
advantage in the cellular uptake of PEG—KyCK,C PMs,
resulting in the observed maximum gene expression in PEG—

Ky,CK,C PMs.
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