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Previously, we revealed that in the application of using cationic polymer chains, polyethylenimine (PEI), to
condense anionic plasmid DNA chains (pDNA) to form the DNA/polymer polyplexes, after all the pDNAs are
complexed with PEI, further added PEIs exist individual chains and free in the solution mixture. It is those
uncomplexed polycation chains that dramatically promote the gene transfection. In the current study, we studied
how those free cationic chains with different lengths and topologies affect the intracellular trafficking of the
polyplexes, the translocation of pDNA through the nuclear membrane, the transcription of pDNA to mRNA and
the translocation of mRNA from nucleus to cytosol in HepG2 cells by using a combination of the three-dimensional
confocal microscope and TagMan real-time PCR. We found that free branched PEI chains with a molar mass of
25,000 g/mol and a total concentration of 1.8 x 10~ g/mL promote the overall gene transfection efficiency by
afactor of ~500 times. Our results quantitatively reveal that free chains help little in the cellular uptake, but clear-
ly reduce the lysosomal entrapment of those internalized polyplexes (2-3 folds); assist the translocation of
pDNA through nuclear membrane after it is released from the polyplexes in the cytosol (~5 folds); enhance
the pDNA-to-mRNA transcription efficiency (~4 folds); and facilitate the nucleus-to-cytosol translocation of
mRNA (7-8 folds). The total enhancement of those steps agrees well with the overall efficiency, demonstrating,
for the first time, how free cationic polymer chains quantitatively promote the gene transfection in each step in
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the intracellular space.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Even after extensive studies over the last several decades, clinically
delivering therapeutic genes still remains a challenge [1-4]. In compar-
ison with small cationic surfactant molecules, different cationic poly-
mers as potentially useful non-viral vectors have also attracted much
attentions, presumably due to their low immune toxicity, structure flex-
ibility and commercial viability [5-8]. In a typical cationic polymer gene
delivery system, cationic chains neutralize anionic charges on plasmid
DNA (pDNA) chains, resulting in the contraction of both polymer and
DNA chains to form large DNA/polymer complexes (often called as
polyplexes) with a size around ~10% nm. The process is driven by the
translational entropy gain of those released small counter ions, rather
than the electrostatic attraction often described in literature [9,10].
The complexation reduces the degradation of DNA and facilitates the
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gene delivery. However, one big piece missed in such a complicated
gene transfection puzzle is how large polyplexes travel in the intracellu-
lar space, including their cytosol transportation and nuclear entry.

Our recent studies revealed that in a typical transfection-effective
mixture of polymers and DNA chains (the molar ratio of nitrogen from
polycation to phosphate from pDNA, N/P ~ 10), only ~30% of cationic
chains are required to fully condense long anionic pDNA chains and
each polyplex on average contains only one pDNA chain [11,12]. In
other words, ~70% of added cationic chains are free in the solution mix-
ture of polymer and pDNA. Further, we clearly demonstrated that the
cationic chains free in the solution mixture and bound to pDNAs play
two distinct roles in an effective transfection process [11,12]. Namely,
the bound chains only play a charge-neutrality role in condensing and
stabilizing each complexed DNA chain during the cellular uptake and in-
tracellular trafficking; and it is those free cationic chains that promote
the gene transfection by ~10? folds [11-13]. Hitherto, nearly all of pre-
vious studies in developing polymer vectors have not realized such
two functional roles of the cationic chains. Therefore, it is important to
elucidate the detailed mechanism of how free cationic polymer chains
promote the gene transfection in order to design an efficient cationic
polymer vector.
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Among various kinds of cationic polymers, polyethylenimine (PEI)
still stands out as a “golden standard” nowadays for the gene delivery
study in spite of its cytotoxicity in real biomedical applications because
of their high transfection efficiency and well-documented synthesis
[14-16]. It has been previously proven that PEI chains are fully com-
plexed with pDNAs to form the polyplexes when the N/P ratio reaches
~3 but the solution mixture with N/P ~ 10 is ~10? times more effective
in the gene transfection [12,13]. Putting these two experimental results
together, one should logically and naturally conclude that the additional
7 portion of cationic chains must remain free in the solution mixture of
polymer and pDNA; and it is them that promote the gene transfection.
In addition, the length and topology of free cationic chains also remark-
ably affect the overall gene transfection efficiency [17-19]. However, a
quantitative elucidation of how cationic free chains promote the gene
transfection at each intracellular stage, such as the avoidance of the ly-
sosomal entrapment, the translocation of pDNA through the nuclear
membrane, the transcription and the translocation of mRNA from nu-
cleus to cytosol remains a challenge.

In the current study, we used branched PEIs with a weight-average
molar mass M,, of ~25,000 g/mol (b25k-PEIs) to condense pDNAs
to form the polyplexes with a size of ~10? nm and several PEIs with
different lengths and topologies as free chains to promote the gene
transfection. The choice of b25k-PEI as the bound chains is due to
its higher binding affinity so that they will not be replaced by those
further added free cationic chains in the solution mixtures [13]. In
this way, we can focus on the quantitative effects of those free cationic
chains on each step of gene transfection, which includes the cellular
uptake and the lysosomal entrapment/degradation of the polyplexes,
the translocation of pDNA through nuclear membrane and the tran-
scription of pDNA, the translocation of mRNA and the final transla-
tion [20-24], by using a combination of confocal microscopy and
TagMan real-time PCR. The cumulated effect of free chains in pro-
moting gene transfection in each individual step is compared with
the overall gene transfection efficiency, leading, for the first time, to a
better understanding of how polymer vectors work inside the intracel-
lular space.

2. Materials and methods
2.1. Materials and cell lines

Branched polyethylenimine (PEI) with a weight-average molar mass
(My,) of 2000 g/mol (b2k-PEI, Sigma-Aldrich) was freeze-dried prior to
use. Branched PEI (M,, = 25,000 g/mol, b25k-PEI, Sigma-Aldrich) and
two linear PEI samples (M,, = 2500 and 25,000 g/mol, lin2.5k-PEIl and
lin25k-PEI, Polysciences) were used without further purification. The
initial plasmid DNA (pDNA) pGL3-control vector (5256 bp) encoding
a modified coding region for firefly luciferase and pEGFP-N1
(4700 bp) expressing enhanced green fluorescent protein were pur-
chased from Promega (USA) and Clontech (Germany), respectively.
Large amounts of pDNAs were prepared with Qiagen plasmid maxi kit
(Qiagen, Germany) according to the manufacturer's instructions. 5-(N,
N-Hexamethylene) amiloride (HMA), wortmannin (Wort), and chlor-
promazine hydrochloride (Chlp) were purchased from Sigma-Aldrich
(Germany). Fetal bovine serum (FBS), Dulbecco's modified Eagle's me-
dium (DMEM) and penicillin-streptomycin were purchased from
Gibco (USA). HepG2 cells were grown at 37 °C, 5% CO, in DMEM medi-
um supplemented with 10% FBS, penicillin at 100 units/mL and strepto-
mycin at 100 pg/mL.

2.2. Formation of pDNA/b25k-PEI polyplexes

The pDNAs were complexed with b25k-PEIs to form the pDNA/
b25k-PEI polyplexes at N/P = 3. An equal volume of a b25k-PEI solution
(1.6 pg/mL) in phosphate buffered saline (PBS) was added dropwise

into a pDNA PBS solution (4.0 pg/mL). The resultant 10x polyplexes
solution mixture was incubated at room temperature for 5 min before
further dilution for the gene transfection.

2.3. In vitro gene transfection

The in vitro transgene expression was quantified by the luciferase
assay system (Promega, USA) in HepG2 cells with pGL3 as the exoge-
nous reporter gene. 24 h before the gene transfection, HepG2 cells
were seeded in a 48-well plate at a density of 12,000 cells per well in
200 pL of the DMEM complete medium. The pDNA/b25k-PEI polyplexes
dispersion and different PEI solutions with individual PEI chains were
mixed with desired N/P ratios in the serum-free DMEM medium. The
resultant solution mixtures were added to the cells at a final concentra-
tion of 0.4 ug pDNA per well. The medium was replaced with the DMEM
containing 10% FBS (500 pL/well) 6 h after the addition of the
polyplexes. After 48 h, the transfected HepG2 cells were lysed in Glo
Lysis Buffer (Promega, USA). The luminescence of the luciferase in cell
lysate and luciferin and the protein concentration of cell lysate were de-
tected by GloMax 96 microplate luminometer (Promega, USA) and
Pierce BCA protein assay kit (Thermo Scientific, USA) for each well, re-
spectively. The gene transfection efficiency was expressed as a relative
luminescence unit (RLU) per cellular protein (mean + SD of quadrupli-
cates). Alternatively, in vitro transgene expression was also qualitative-
ly observed by fluorescence microscopy with pDNA pEGFP-N1 as the
exogenous reporter gene.

2.4. Inhibition of endocytosis pathways

To block a certain endocytosis pathway, the HepG2 cells were
pretreated with one of the following endocytosis inhibitors, Chlp
(30 uM for 30 min), Wort (100 nM for 30 min), or HMA (50 uM for
5 min) in 100 pL of serum-free DMEM medium. After the pretreatment,
the polyplexes with or without free PEI chains were added. After incu-
bating for 6 h, the FBS-free medium with inhibitors and the polyplexes
in each well was replaced with 500 uL DMEM containing 10% FBS. After
48 h, the RLU and protein concentration were measured by the lucifer-
ase assay and BCA assay, respectively, to calculate the gene transfection
efficiency.

2.5. Confocal laser scanning microscopy (CLSM)

Each p-Dish3> mmhigh (ihidi, Germany) was seeded with 100,000
cells and incubated for 24 h. In order to monitor the intracellular traf-
ficking of the polyplexes inside HepG2 cells, pDNAs and cells were
labeled as follows (Fig. 1A and D): both pGL3 and pEGFP-N1 were cova-
lently labeled with Cy3 (Aex = 550 nm, Ne;; = 570 nm) using the Label
IT tracker Cy3 kit (Mirus, USA), lysosomes were labeled with Lamp-1
GFP (Nex = 488 nm, N\e;, = 520 nm) via the virus-mediated transduc-
tion using CellLight lysosomes-GFP BacMam 2.0 (Molecular Probes,
USA), and the nuclei were labeled with Hoechst (Aex = 350 nm,
Nem = 461 nm, Thermo Scientific, USA). Each labeling was performed
by following the manufacturer's instruction. Then, 1.6 mL solution mix-
ture of Cy3-polyplexes and free PEI chains in the serum-free DMEM me-
dium was added to the cells with a final concentration of 3.2 ug pDNA/
mL for each dish. Live cell images were captured using a Nikon C1si
CLSM equipped with a standard fluorescence detector (Nikon, Japan)
and an INU stage-top incubator (Tokai Hit, Japan). Cy3-pDNAs, GFP-
lysosomes and Hoechst nuclei were excited with 543 nm, 488 nm and
405 nm lasers, respectively; and corresponding emissions were detect-
ed with 605/75 nm, 515/30 nm and 450/35 nm detectors, respectively.
All the CLSM images were analyzed using the Nikon EZ-C1 software and
Image].
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Fig. 1. (A) Schematic of a confocal image-assisted three-dimensionally integrated method to quantify cellular uptake and lysosomal distribution of polyplexes, where pDNA and lysosomes
are covalently labeled with Cy3 (red) and Lamp-1 GFP (green) via virus-mediated transduction, respectively. (B-D) images of one slice (xy-plane) of a typical cell transfected with
polyplexes without free cationic PEI chains after 6 h, where (B) phase-contrast image; (C) laser (543 nm) induced fluorescence image detected by 605/75 nm channel; (D) laser
(488 nm and 543 nm) induced fluorescence images detected by a combination of 605/75 nm and 515/30 nm channels. (E) Effect of z-direction-step size (h,) on average laser
(543 nm) induced fluorescence intensity of a fixed volume of artificial cytoplasm, where it was scanned from bottom up with an area of 1.0 x 10° um? in xy-plane. (F) pDNA
concentration dependence of I,yg-543 nm in 1.6 mL artificial cytoplasm [28], where the scanning volume for each sample was fixed as 318 x 318 um (i.e. 1024 x 1024 pixel) in xy-plane

and 10 pm in z-direction.

2.6. Quantification of polyplexes entrapped in lysosomes

The confocal image-assisted three-dimensionally integrated quanti-
fication (CIDIQ) method (Fig. 1A) were used to quantify the polyplexes
in lysosomes [25-27]. Labeling pDNA with Cy3 (red) and lysosomes of
HepG2 with GFP (green) enables us to visualize the intracellular locali-
zation of the polyplexes. The yellow clusters (an overlay of the red and
green images) mark those polyplexes inside lysosomes, as shown in
Fig. 1A and D. In CIDIQ, each living cell is scanned by confocal in the
xy-plane from bottom to top at a fixed z-direction-step size (h,) and
the z-direction is equally divided into n, slices. Integrating the
polyplexes in lysosomes of each cell slice, we can calculate the total
polyplexes in lysosomes of each cell.

To find an optimal h,, we first prepared a series of dispersions with
different polyplexes concentrations in an artificial cytoplasm in cell cul-
ture dishes and then scanned their xy-planes with different h, values
under the excitation of 543 nm laser. Fig. 1E shows that the average

fluorescence intensity of the scanning cube, layg-543 nm, (lavg-543 nm =

Zi“;]li_m nm/N,, where I;_s43 nm is the fluorescence intensity of each
z-slice) is nearly independent of h, when h, < 1 um, indicating that we
can use h, = 1 um in this concentration range to estimate l,yg-543 nm
within each cell. In this way, we established a linear relationship be-
tween layg 543 nm and the concentration of pDNA complexed in the
polyplexes (Cppna), as shown in Fig. 1F; namely,

Iavg—543 nm = 2~44C13DNA_19~8 (1)

Therefore, the amount of Cy3-pDNA complexed in the polyplexes lo-
cated inside the lysosomes of each cell slice (myys,) can be calculated as

Myyso = Z: (Flyso—i X CpDNA—i X §j x hz) (2)

where S; is the cross-section area of the cell determined by the cellular
membrane appeared in the phase-contrast image in xy-plane
(Fig. 1B), and Fyyso is the fraction of polyplexes inside lysosomes of
each cell slice.

To calculate the Fyysq.;, We used a series of 488 nm and 543 nm laser-
induced fluorescence images to track those polyplexes inside lyso-
somes; namely, those yellow dots detected by combining 605/75 nm
and 515/30 nm channels (Fig. 4D). Due to the overlapping emission
spectra of GFP and Cy3 in 605/75 nm channel, the average fluorescence
intensity of GFP-lysosomes within each cell (Igpp-4ss + 543 nm) Obtained
without the Cy3-polyplexes was subtracted as background. Therefore,
Fiyso-i is calculated as

lly50488+543 nm_lGFP—488 nm (3)
luptak<3488-¢-543 nm_IGFP488+543 nm

l:lyso—i =

A combination of Egs. (2) and (3) leads to the pDNA copy number in-
side the lysosomes (nyyso).
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2.7. Quantification of intracellular or intranuclear pDNA using TagMan
real-time PCR

The nuclei of the HepG2 cells transfected with pGL3 for 48 h were
isolated with Nuclei EZ prep kit (Sigma-Aldrich, Germany) following
the manufacturer's instruction. After washing twice with the lysis buffer
as instructed by the manufacturer, the intact isolated nuclei were fur-
ther washed twice with PBS containing 0.001% SDS and then twice
with PBS to eliminate the contamination of nuclear membrane-associat-
ed pDNA, The nuclei were separated by 500g centrifugation at 4 °C for
5 min for each wash. The genomic DNAs (gDNAs) of the whole cells or
nuclear samples were respectively extracted with the blood & cell cul-
ture DNA purification kit (Qiagen, Germany). Briefly, the samples
were lysed with proteinase K for 10 min at 56 °C. After the addition of
ethanol, the lysate was loaded onto the DNeasy mini spin column,
where the DNA was selectively bound to the column membrane, and
the contaminants were washed off with buffers. The purified DNA
was eluted in water by centrifugation and used as a gDNA sample
containing internalized plasmid for the TagMan PCR assays. The
probe designed to target the luciferase sequence in pGL3 is 5'-FAM-
CCGCTGAATTGGAATCCATCTTGCTC-TAMRA-3’ with forward primer
5’-TTGACCGCCTGAAGTCTCTGA-3’ and reverse primer 5’-ACACC
TGCGTCGAAG- ATGTTG-3' [29]. To quantify the corresponding cell
number of the tested sample, we simultaneously ran the TaqgMan
Copy Number reference assay (human, RNase P, Applied Biosystems,
USA) as a calibrator, which targets a genomic sequence known to
exist in two copies in a diploid genome. Therefore, the copy number
of the intercellular or intranuclear pGL3 per cell can be determined by
2 x 22 where ACr is the difference of threshold cycle values measured
by PCR between the target luciferase and the reference genomic
sequence.

2.8. Quantification of intracellular mRNA encoding luciferase (luc-mRNA)

The total RNA of the transfected HepG2 cells was extracted with
RNeasy mini kit (Qiagen, Germany) as the manufacturer's instructions.
To eliminate the gDNA contaminations, an on-column DNase digestion
was performed using the RNase-free DNase set (Qiagen, Germany).
The purified RNA containing luciferase mRNA was eluted in RNase-
free water by centrifugation. The concentrations of the isolated gDNA
and RNA were calculated from their absorbance at 260 nm. The RNAs
were converted into their complementary DNAs (cDNA) via the reverse
transcription with PrimeScript RT master mix (Takara, Japan). The re-
sultant cDNA encoding luciferase was detected by real-time PCR with
the same set of TagMan primers and probe mentioned before, which
target the luciferase sequence in pGL3. The luciferase control RNA
(1 mg/mL, Promega, USA) was used as an external reference. The
absolute copy number of the luc-mRNA in the total RNA sample can
be derived from the relationship between the number of cycles (Cr) as-
sociated with cDNA transcribed from the luciferase control RNA and the
copy number of the luciferase control RNA calculated using the tran-
script size of 1.8 kbp [47]. In addition, we detected the 3-actin mRNA
as an internal reference with Human Beta Actin Endogenous Control
(Applied Biosystems, UK) by real-time PCR. Since the 3-actin can be sta-
bly expressed no matter whether free cationic PEI chains are added or
not, the amount of cellular 3-actin mRNA linearly correlated to the ini-
tial cell number of the RNA sample tested in each reaction. The absolute
copy number of luc-mRNA per cell was calculated as the ratio of number
of luc-mRNA to the initial cell numbers in each reaction.

2.9. Quantification of intranuclear luc-mRNA

The nuclear luc-mRNA in each reaction was estimated with an exter-
nal reference, luciferase control RNA as descripted before. Since adding
free PEI chains may affect the distribution of 3-actin mRNA within the
cell, we cannot directly use the internal reference, nuclear B-actin

mRNA to estimate the cell number in each reaction. Dividing the
amount of nuclear B3-actin mRNA by the amount of cellular 3-actin
mRNA for a fixed initial number of cells, we obtained the fraction of nu-
clear B-actin mRNA under each experimental condition: 8.7% and 1.7%,
transfected with N/P = 3 and 10, respectively. Using these data, we
were able to convert the amount of nuclear B-actin mRNA into the
amount of cellular B-actin mRNA and thus calculated the cell number
of each reaction. Consequently, the absolute copy number of nuclear
luc-mRNA per cell was quantified by the ratio of nuclear luc-mRNA
copy number to the cell number in each reaction.

3. Results and discussion

Fig. 2 shows the effects of length and topology of free cationic PEI
chains on the transgene expression of pGL3 complexed with b25k-PEIL
A comparison of the transfection efficiency of pGL3/b25k-PEI polyplexes
(N/P = 3) without free PEIs and those with different kinds of free cat-
ionic PEI chains (N/P = 10, 7 portions are free in the solution mixture)
shows that after 48 h, the transfection efficiency generally reaches its
corresponding maximum [12,13], but the addition of free cationic PEI
chains increases the transfection efficiency by a factor of ~500 times.
Here the chain length plays a vital role; namely, long free cationic PEI
chains are much more effective than short ones. For free chains with a
lower molar mass, linear ones are more effective than branched ones.
However, when the chains reach a certain length (~15-20 nm), the
chain topology makes little difference. The promoting efficacy of free
chains follows the order of b25k-PEI ~ 1in25k-PEI > lin2.5 k-PEI > b2k-
PEL

We have hypothesized that those long free cationic chains penetrat-
ed and adsorbed on the cellular and organelle membranes interfere
with the signal proteins (v-SNARE and t-SNARE) so that the cell could
not recognize the ingested polyplexes as foreign subjects so that they
could detour the effective endosome-lysosome pathway and avoid the
lysosomal entrapment [13,30]. In this way, the polyplexes would have
a much lower chance to be digested and a higher chance to be
translocated into nucleus. On the other hand, the penetration and ad-
sorption of long cationic chains on different membranes cause the leak
of cytosol, leading to cytotoxicity [31-34]. Our previous study reveals
that at N/P = 7 (Cpg; = 1.8 pg/mL), >75% cells are survived even after
48 h with 10% or less LDH releasing in spite of different chain lengths
and topologies [25], leading us to conclude that this amount of free cat-
ionic PEI chains used for gene transfection has no significant
destabilizing effect on the membrane integrity.
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Fig. 2. Effects of length and topology of free cationic PEI chains on gene transfection in
HepG2 cells without or with 7 portion (N/P = 7) of different free cationic PEI chains,
where pDNA is complexed with 3 portion (N/P = 3) of b25k-PEI. b2k, b25k, lin2.5k and
lin25k indicate branched PEI with an M,, of 2000 and 25,000 g/mol, and linear PEI with
an M,, of 2500 and 25,000 g/mol, respectively. Significant results are indicated by * if
0.01 <p<0.05 (n = 4, Student's t-test).
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We have previously studied two different polyplexes endocytic
pathways in Hela cells, i.e., the clathrin- and the caveolae-mediated en-
docytosis, and found that without free long cationic chains to disrupt
the caveolae-mediated pathway, the gene transfection efficiency was
significantly low, but disrupting the clathrin-mediated pathway has lit-
tle effect on the gene transfection [25,35]. Since HepG2 is deficient in
caveolin [36,37], we refocus our attention on the macropinocytosis.
Using different inhibitors to selectively block specific endocytic path-
ways, we are able to determine which pathway was mainly employed
to internalize the polyplexes by HepG2 cells. Among them, chlorprom-
azine hydrochloride (Chlp) inhibits the clathrin-mediated pathway
by interacting with the plasma membrane protein to reduce the
clathrin-coated pits [38]; 5-(N,N-hexamethylene) amiloride (HMA)
and wortmannin (Wort) block the macropinocytosis by respectively
inhibiting the sodium-proton exchange [39] and the phos-
phatidylinositol 3-kinase [40].

Fig. 3A shows that without free cationic chains (N/P = 3), blocking
the clathrin-mediated endocytosis with Chlp has nearly no effect on
the transfection efficiency; but blocking macropinocytosis results in a
remarkably lower transfection efficiency after 48 h, revealing that the
polyplexes mainly enter HepG2 cells via the macropinocytosis pathway
because there is no specific ligand on the polyplexes surface. Fig. 3A also
shows that the transfection efficiency even slightly increases by 5%
when the clathrin-mediated pathway is blocked by Chlp (p < 0.01,
significantly different from “Nil”), suggesting that more polyplexes
enter the cells via macropinocytosis, a more favorable pathway for the
ligand-free polyplexes. Our results are consistent with the early report-
ed advantages of macropinocytosis, including the increase of the cell
uptake and the avoidance of the lysosomal degradation [41-43].

On the other hand, with free cationic PEI chains (N/P = 10), the
transfection efficiency only decreases by ~50% even though
macropinocytosis is inhibited by either HMA or Wort. In principle,
after blocking macropinocytosis, the polyplexes most likely enter the
cells via the clathrin-mediated pathway in which the polyplexes should
be delivered to lysosomes via the endosome-lysosome pathway so that
the transfection efficiency would be very low. The fact that the transfec-
tion efficiency only decreases ~50% shows that free cationic chains re-
duce the lysosome entrapment. The assumption is supported by the
fact that after blocking the clathrin-mediated pathway by Chlp, we see
nearly no effects on the transfection efficiency (p > 0.05) even with
free cationic chains because the polyplexes do not enter the cells via
the clathrin-mediated pathway in this case so that free cationic chains
provide no help in avoiding the lysosome entrapment. Our results clear-
ly reveal that the promotion of the gene transfection mainly occurs in-
side the cell; namely, the avoidance of the lysosome entrapment. In
other words, the current results are consistent with our hypothesis
that long free cationic chains on the anionic membranes can interfere
with the signal SNARE proteins to disrupt the intravesicular fusion
between lysosomes and the polyplexes-containing vesicles ingested
via the clathrin-mediated or macropinosomes pathway so that the
hydrolysis inside lysosomes can be reduced or avoided [43-45]. It is
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understandable that the gene transfection efficiency dramatically de-
creases when both the pathways are blocked, as shown in Fig. 3B.

To further investigate how the chain-length and topology of cationic
polymers affect the final transfection efficiency during intracellular traf-
ficking, we first quantified the cellular uptake at 6 h after the addition of
the polyplexes by TagMan real-time PCR. The cellular uptake in 6 h is
considered as the final amount of internalized polyplexes because the
cellular uptake of the polyplexes detected by the flow cytometry with
or without different free PEI chains reaches its maximum in 6 h, [12]
and we replaced the polyplexes-containing FBS-free DMEM medium
with complete culture medium at 6 h. Fig. 4 shows that without free
PEI chains the HepG2 cells can internalize 1.15 x 10° copies pGL3 per
cell and that the addition of free PEI chains has no significant effect on
the cellular uptake (p > 0.05, n = 3, Student's t-test, compared with
N/P = 3), indicating that free cationic chains mainly promote the trans-
fection inside the cell.

The next barrier on the intracellular trafficking pathway of the
polyplexes is the lysosomal entrapment. Using the confocal image-
assisted three-dimensionally integrated quantification method
(CIDIQ) [25-27], we quantified the polyplexes entrapped inside the
lysosomes. Without free cationic chains, the pGL3 entrapped inside
lysosomes (nyyso) reaches its maximum 7.6 x 10* copies per cell in 6 h
(shown as dotted lines in Fig. 5A to D), i.e., ~66% of the total intracellular
pGL3 (Fig. 5E). The addition of short free b2k-PEI chains has nearly no
effect on the copy number of pGL3 inside lysosomes (Fig. 5A and E,
p > 0.05), showing that short branched free cationic chains are not
able to effectively block the endosome-lysosome pathway. In contrast,
adding free lin2.5k-, b25k- or lin25k-PEI chains greatly reduces Fiys, to
~30% and nyys, reaches a steady value after 2-3 h (Fig. 5B-E, p < 0.01),
clearly revealing that long free cationic chains reduce the lysosomal en-
trapment, i.e., more than half of those polyplexes destined toward lyso-
somes are detoured so that their lysosomal entrapment/degradation are
avoided. It is worth noting that although b2k-PEI and lin2.5k-PEI share
similar molar mass, lin2.5k-PEI (~18 nm if stretched) is much longer
than b2k-PEI (~6 nm) [13,30,46]. Since the ingestion and digestion of
pDNA inside the lysosomes take place simultaneously and have reached
the equilibrium point after 6 h under each experimental condition, we
use the nyys, in 6 h to estimate the effects of free cationic chains on the
avoidance of lysosomal entrapment.

A comparison of the number of the polyplexes inside the cells shows
that longer free PEI chains (lin2.5k-, b25k- and lin25k-PEI) are more ef-
fective in preventing the lysosomal entrapment, up to 2.4 times when
long free b25k-PEI chains are used. Note that long free b25k-PEI chains
promote the overall gene transfection efficiency by a factor of ~500
times. Therefore, free cationic chains must play more important roles
in helping pDNA to overcome other intracellular barriers.

Fig. 6 shows that up to 30 min, short b2k-PEI chains are still on the
cellular membrane, whereas long free b25k-PEI chains has already
translocated into the cells and localized in some intracellular vesicles.
After 1 h, long b25k-PEI has much higher fluorescence intensity than
short b2k-PEL These results are consistent with our previous studies

10% [ Without inhibitors B
_% 77 Inhibited by Chip + HMA
g i
5107f
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—
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T | %
10° 2
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Fig. 3. Effects of (A) clathrin-mediated endocytic inhibitor (Chlp) and Macropinocytic inhibitors (HMA and Wort) and (B) blocking both macropinocytosis and clathrin-mediated
endocytosis on transgene pGL3 expression in HepG2 cells without (N/P = 3) and with 7-portion of free b25k-PEI chains (N/P = 10) after 48 h, where “Nil” means no inhibitors
without (N/P = 3) and with (N/P = 10) free b25k-PEI chains, respectively. Significant results are indicated by * if 0.01 < p < 0.05, and **if p < 0.01 (n = 4, Student's t-test).
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Fig. 4. Effects of different free cationic PEI chains on HepG2 cellular uptake of polyplexes in
6 h, where nyptaie is copy number of intracellular pGL3, and “Nil” results without free PEI
chains.

[25,31]. We have hypothesized that free cationic chains can prevent the
lysosomal entrapment by penetrating/absorbing on the membrane of
different organelles and interacting with SNARE membrane proteins
that signal the inter-vesicular fusion of different organelles so that the
inter-vesicular endosome-lysosome fusion is disrupted. Our previous
studies revealed that cationic chains with a size larger than 15 nm can
effectively disrupt the inter-vesicular fusion. Note that the size of b2k-
PEl is ~6 nm [13,25]. However, cationic chains longer than 20 nm be-
come more toxic to the cells because they disrupt all the membranes,
especially that of mitochondrion.

Hereafter, we will only discuss the effect of long free b25k-PEI chains
because they are more effective than other types of PEI chains in pro-
moting the transgene expression. For those ingested polyplexes that
successfully avoid the lysosomal entrapment, the next major hurdle is
the transportation of those pDNAs into nuclei. We quantified those
intranuclear pDNA chains in 48 h by the TagMan real-time PCR. As
shown in Fig. 7A, the addition of long free b25k-PEI chains increases
intranuclear pGL3 from 4.2 x 10° to 5.0 x 10* copies per cell, suggesting
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Fig. 5. (A)-(D) Time dependence of lysosomal entrapment of polyplexes without and with different free cationic chains, where 10 cells were analyzed under each experimental condition;
small hollow symbols: nyys, of a single cell at different times; and dotted (no free chains) and continuous (with free chains) lines: 10-cell averaged values of nyys,. (E) Comparison of effects
of different free cationic PEI chains on lysosomal entrapment of those polyplexes inside each cell (Fiys,) in6 h, where significant results are indicated by *if0.01 < p<0.05,and **if p<0.01

(n = 10, Student's t-test).
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Fig. 6. Internalization and intracellular trafficking of FITC-labeled b2k-PEl and b25k-PEI chains in the HepG2 cells, where the concentration of FITC-PEl is 1.8 ug/mL in serum-free DMEM; tis
time after addition of FITC-PEI; and FITC is excited with 488-nm laser and detected with 450/35 nm channel.

that the cumulative effect of free b25k-PEI chains after the nuclear entry Note that we also measured the fluorescence intensity of Cy3-pDNA
is ~12 folds that consists of 2.4 folds on the avoidance of the lysosome by the confocal microscope in 48 h and found that the intranuclear pGL3
entrapment and 5.0 folds on the translocation of pDNA through nuclear calculated by CIDIQ method are 2.2 x 102 copies and 6.6 x 10? copies

membrane. per cell without and with free cationic chains, respectively, as shown
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Fig. 7. (A) Effects of free cationic b25k-PEI chains on nuclear transportation of pDNAs in 48 h after adding polyplexes; and (B)-(D) confocal images of typical HepG2 cells transfected by
polyplexes (red) with free b25k-PEI chains after 24 h, where nuclei were labeled with Hoechst (blue); large dim red areas indicated by arrows nearby each nucleus show polyplexes with a
loose structure or partially released Cy3-pEGFP-N1; and images were captured simultaneously with 605/75 nm and 515/30 nm channels.
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in Fig. 7A, much lower than those measured by the TagMan real-time
PCR because the confocal method mainly sees the condensed Cy3-
pDNA inside the polyplexes not those released from the polyplexes
while the TagMan PCR method detects individual free pDNA chains.
Putting these results together, we conclude that pDNAs must exist as in-
dividual chains inside each nucleus rather than the complexed chains
inside the polyplexes. In other words, most of the pDNA chains inside
the polyplexes are released before their translocation through the nu-
clear membrane.

Another evidence to support the above conclusion is some large dim
red areas observed around the nuclei labeled with Hoechst (blue) inside
those cells successfully transfected (cytosol with expressed green EGFP)
by the Cy3-pEGFP-N1/b25k-PEI polyplexes (red), as shown in Fig. 7B-D.
Those large dim red areas indicate that the polyplexes become loose
and the labeled pDNA chains are released around the nuclei. Our re-
sults confirm that pDNAs inside the nuclei exist as individual pDNA
chains, free from the complexations, and large free cationic PEI
chains promote the final translocation of pDNA through the nuclear
membrane after pDNA is released from the polyplexes nearby
nucleus.

Further, the mRNA encoding luciferase (luc-mRNA) is quantified by
the TagMan PCR assay. As shown in Table 1, the addition of free b25k-
PEI chains dramatically increases the final cellular luc-mRNA in 48 h
by ~49 times (2.0 x 10* and 9.8 x 10° copies/cell without and with
free b25k-PEI cationic chains, respectively). To estimate the sole effect
of free PEI chains on the transcription stage, we compared the transcrip-
tion efficiencies, i.e., the ratio of the cellular luc-mRNA copy number to
the nuclear pGL3 copy number, with and without free PEI chains and
found that the transcription efficiencies are 20 and 4.8 times,
respectively.

Considering that luc-mRNA has to be exported from the nucleus into
the cytosol prior to translation, we quantified the cellular luc-mRNA
distribution by TagMan PCR with 3-actin as an internal reference to
evaluate the effect of free b25k-PEI chains on the translocation of luc-
mRNA. The results reveal that the final cytosolic luc-mRNA in 48 h in
the presence of free b25k-PEI chains (8.3 x 10° copies/cell) is ~380
folds of that with no free b25k-PEI chains (2.2 x 10> copies/cell), compa-
rable to the overall transfection efficiency (~500 folds) with and with-
out free cationic chains (shown in Table 2). If we eliminate the
contributions in those preceding stages (the lysosome entrapment,
the cytosol-to-nucleus transportation of pDNA and the transcription),
the sole effect of free cationic chains on the translocation of luc-mRNA
is about 7.7 times. It is worth-noting that the addition of free cationic
chains has nearly no effect on the ratio of the nuclear luc-mRNA to
its internal reference, nuclear B-actin mRNA. In other words, free
cationic chains has a similar effect on the translocation of 3-actin
mRNA, indicating that the promotive effect of free cationic chains on
the translocation of mRNA from nucleus to cytosol is nonspecific. The
promotive effect of free b25k-PEI on the nuclear entry of pDNA and ex-
port of mRNA is presumably attributed to its disruption of the nuclear
membrane [48,49].

Table 1
Quantitative comparison of transcription efficiency of pDNA and translocation of luciferase
mRNA without and with free b25k-PEI chains.

Without free PEIs With free b25k-PEIs

NP =3 NP =10
Transcription of pDNA
Nuclear pGL3 (copies/cell) 42x10° 5.0 x 10*
Cellular luc-mRNA (copies/cell) 2.0 x 10* 9.8 x 10°
Transcription efficiency 4.8 20
Translocation of luc-mRNA
Nuclear luc-mRNA (copies/cell) 1.8 x 10* 1.5 x 10°
Cytosolic luc-mRNA (copies/cell) 22x10° 8.3 x 10°

Table 2

Summary of effects of free b25k-PEI chains on intracellular trafficking of polyplexes,
cytosol-to-nucleus transportation of pDNAs, transcription of pDNAs into mRNAs, and
translocation of mRNAs during transgene expression, where each cell initially has, on

average, 3.2 x 10° pGL3 copies.

Without free PEIs With free PEIs Effect of
(N/P=3) (N/P=10) free PEIs
Transfection 500 + 60
efficiency 1.5 x 10° RLU/mg pro 7.5 x 107 RLU/mg pro folds
Lysosomes, 66 %,
Stage 1 7.6 % 104 copies Lysosomes,
pCL3 ax 2.4 folds
intracellular — f— 3-7;::‘ -
1cki ot e
trafficking LISx 105 1_;0 3 i
+ (&N copies/cell copies/eell x
Stage 2
PGL3 cytosol- Nucleus, 38 %,
to-nucleus 5.0 x 104 copies 5.0 folds
transportation o
Nucleus, 4 %,
4.2 % 10° copies
Stage 3
Transcription 438 20 4.1 folds
efficiency
Cytosol, 11 %, Nucleus,15 %,
2.2 % 10° copies 1.5 x 10° copies
Stage 4
MRNA Cellul Cellular
ellular
nucleus- lueanRNA Jue-mRNA 7.7 folds
to-cytosol 2.0% 10¢ 9.8 10°
translocation copies/cell copies/cell
Cytosol, 85 %
8.3 x 10° copies
The overall effect of Stages 1-4: 380 * 80 folds

4. Conclusions

In this study, we found that free cationic chains can remarkably pro-
mote the transgene expression by helping the pDNAs inside the
polyplexes to overcome each of the intracellular barriers in different
stages, including the intracellular trafficking of the polyplexes, the cyto-
sol-to-nucleus transportation of pDNAs, the transcription from pDNAs
to mRNAs and the nucleus-to-cytosol translocation of mRNAs. Namely,
additional free cationic chains (b2k-, lin2.5k-, b25k- and lin25k-PEIs)
have little effects on the cellular uptake of the polyplexes but disrupt
the lysosomal entrapment and degradation of the polyplexes, in
which free cationic chains with a size larger than 15 nm, such as
branched PEI chains with a molar mass of 25,000 g/mol, is more effec-
tive so that the overall number of the polyplexes in the cytosol increases
2.4 times. Further, free cationic chains enhance the cytosol-to-nucleus
transportation of pGL3 5.0 times in those transfected HepG2 cells and
increase the transcription efficiency 4.1 times. More importantly, free
cationic chains help the translocation of luc-mRNA from nuclei into cy-
tosol by a factor of 7.7 folds. The cumulative effect of free cationic b25k-
PEI chains on the enhancement of the gene transfection is 380 times in
comparison with that without free cationic chains. This cumulative
enhancement calculated on different stages is comparable with the
experimentally observed total transgene expression (~500 times), indi-
cating that the promoting effects of free cationic chains on the gene
transfection mainly occur before the translation. The promotion effect
of free cationic chains on each stage of the gene transfection follows
the following order: the intracellular trafficking of the polyplexes < the
transcription of pDNAs < the cytosol-to-nucleus transportation of
pDNAs < the nucleus-to-cytosol translocation of mRNAs.
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