Molecular Therapy
Original Article

AMERICAN SOCIETY of
w GENE & CELL

el THERAPY

Involvement of a Rac1-Dependent
Macropinocytosis Pathway in Plasmid
DNA Delivery by Electrotransfection

Mao Mao,! Liangli Wang,! Chun-Chi Chang,' Katheryn E. Rothenberg,' Jianyong Huang,' Yingxiao Wang,’

Brenton D. Hoffman,! Paloma B. Liton,? and Fan Yuan!-?

!Department of Biomedical Engineering, Duke University, Durham, NC 27708, USA; 2Department of Ophthalmology, Duke University, Durham, NC 27708, USA;
3Department of Bioengineering, University of California, San Diego, La Jolla, CA 92093, USA

Electrotransfection is a widely used method for delivering
genes into cells with electric pulses. Although different hy-
potheses have been proposed, the mechanism of electrotrans-
fection remains controversial. Previous studies have indicated
that uptake and intracellular trafficking of plasmid DNA
(pDNA) are mediated by endocytic pathways, but it is still
unclear which pathways are directly involved in the delivery.
To this end, the present study investigated the dependence
of electrotransfection on macropinocytosis. Data from the
study demonstrated that electric pulses induced cell mem-
brane ruffling and actin cytoskeleton remodeling. Using
fluorescently labeled pDNA and a macropinocytosis marker
(i.e., dextran), the study showed that electrotransfected
PDNA co-localized with dextran in intracellular vesicles.
Furthermore, electrotransfection efficiency could be decreased
significantly by reducing temperature or treatment of cells
with a pharmacological inhibitor of Racl and could be altered
by changing Racl activity. Taken together, the findings sug-
gested that electrotransfection of pDNA involved Racl-depen-
dent macropinocytosis.

INTRODUCTION

Gene therapy has shown promising results in treatment of various ge-
netic disorders and acquired diseases.' > The treatment requires de-
livery of therapeutic genes into nucleus of specific cells in tissues,
which must overcome several physical and biological barriers.” One
such barrier is the plasma membrane of cell, which physically limits
material exchange between intra- and extracellular environments.
In addition, both DNA and plasma membrane are negatively charged,
which means that the repulsive electrostatic force could hinder deliv-
ery of naked DNA into cells as well.”

Various gene delivery methods have been developed to circumvent
the barriers.® In general, viral-based methods are more efficient and
capable of integrating certain desired genes into the host genome
for sustained gene expression. However, the viral-based systems
have a number of drawbacks, including immunogenicity, cytotox-
icity, and high cost.” To overcome these problems, non-viral
methods have been developed,“”14 and one such method is electro-
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transfection (or electro-gene transfer)."” ' Comparing with viral-
based methods, electrotransfection does not require packing of
genes into vectors and is less immunogenic. The technique relies
on delivery of a sequence of electric pulses to target cells or tissues
placed between electrodes, which leads to the entry of cell-imper-
meable molecules, including plasmid DNA (pDNA).**** Although
electrotransfection has been implemented as a powerful tool in
both basic research and clinical applications,”* ** the exact mecha-
nism of electro-gene transfer is still largely unknown.””® One of
the most popular mechanisms, known as the “pore theory,” states
that, when electric-field-induced transmembrane potential exceeds
a certain threshold, transient pores will form in the plasma mem-

37-42
brane,”

allowing extracellular molecules to enter cytoplasm
through diffusion, electrophoresis, and/or electro-osmosis.*> Thus,
the technique has also been called electroporation in the litera-
ture.'” Although the “pore theory” may explain how small mole-
cules enter cells, it has failed to explain cellular uptake of larger
biopolymers, especially pDNA. The lifetime and the size of electri-
cally induced pores that would allow pDNA to pass through are
still under debate because it is currently infeasible to measure

them directly.”’3 Hadas

Whereas controversies remain over the biophysical nature of electro-
transfection, there has been increasing evidence from various studies
implicating the involvement of biological processes in the uptake and
intracellular transport of electrotransfected pDNA.***” Specifically,
electrotransfection may involve endocytic pathways,”® which are
essential for nutrient uptake and regulation of receptor-mediated
cell signaling. Based on the types of vesicles involved in molecular
transport, endocytosis can be divided into several categories,
and one of them is macropinocytosis, which is a mode of non-
selective fluid phase endocytosis.””** The process requires ATP-
fueled, actin-dependent membrane ruffling. Vesicles associated with
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Figure 1. Electric-Pulse-Induced Actin Remodeling and Uptake of Plasmid DNA

PDNA (pEGFP-N1) covalently labeled with rhodamine (red) was electrotransfected (450 V/cm; 5 ms; eight pulses; 1 Hz) into B16.F10 cells stably expressing the F-actin probe
Lifeact-GFP (green). (A) The panel shows single optical slices from confocal images of a non-pulsed, control cell and a cell electrotransfected with pDNA at 37°C, respectively.
(B) The z stack images show three-dimensional distribution of pDNA in the cytoplasm of an electrotransfected cell at 37°C. (C) The panel shows single slice from a confocal
image of electrotransfected cell subjected to cold medium treatment for 10 min is shown. Arrows in all images denote pDNA internalized by cells.

macropinocytosis are called macropinosomes, which are large
(0.2-5 um in diameter) uncoated vesicles that allow cells to inter-
nalize a significant amount of extracellular solutes, especially macro-
molecules.”"> Macropinocytosis is involved in many important
cellular events, including amino acid uptake,” entry of viral parti-
cles,”* and antigen responses of immune cells.” The present study
was designed to determine the role played by macropinocytosis in
electrotransfection and how the small GTPase Racl regulates the
endocytic process.

RESULTS

Electric Pulses Induced Actin Remodeling

We first examined whether electric pulses could lead to actin
remodeling because macropinocytosis is actin-dependent. To visu-
alize potential changes in cytoskeletal structures, we used a
B16.F10 melanoma cell line stably transfected with Lifeact-GFP, a
fluorescent probe for F-actin.”> The pDNA molecules were cova-
lently labeled with a red fluorescent dye, tetramethylrhodamine, to
track their locations. Comparing with non-treated control cells, in
which actin filaments were evenly distributed in the cytosol, expo-
sure of cells to electric pulses in the presence of DNA led to forma-
tion of various structures of F-actin, including punctate-like aggre-
gates, membrane ruffles and filopodia-like protrusions (see Figures
1A and S1A-S1C). The actin remodeling was also observed in the
absence of pDNA (Figure S1D), confirming that it was caused by
electric pulses. The results suggested that the electric pulse might
trigger macropinocytosis because F-actin remodeling is a prerequi-
site for the process.
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Dual-fluorescence channel analysis revealed that, after electrotransfec-
tion, pDNA was enriched in multiple vesicle-like structures. Notably,
co-localization of actin and pDNA was observed near the plasma mem-
brane shortly after electrotransfection, and some pDNA aggregates
were surrounded by shell-like actin structures (see Figure 1B). It was
also worth to mention that the fluorescence intensity of Lifeact-GFP
in cytoplasm decreased after electrotransfection, except for regions
adjacent to the plasma membrane, suggesting that electric pulsing
caused de-polymerization of actin because Lifeact binds mainly to fila-
mentous, polymerized actin (F-actin). Overall, these results suggested
that actin was likely to be responsible for engulfment of pDNA.

Both F-actin remodeling and endocytosis depend on energy generated
from ATP hydrolysis. Therefore, we hypothesized that these processes
should be halted if the cells were placed on ice for a short period (i.e.,
10 min) after electric pulse application. As predicted, the results from
Figure 1C showed that F-actin was ubiquitously distributed within
the cell, which meant that de-polymerization was inhibited at least
partially by the cold temperature. In parallel, less pPDNA uptake was
observed in these cells, compared to those at 37°C.

Electric Pulse-Induced Macropinocytosis of Macromolecules

To further confirm that the electrotransfection-induced actin remodel-
ing was responsible for macropinocytosis, we investigated cellular
uptake of a fluorescently labeled dextran, a fluid phase marker
for macropinocytosis.”® Because the pDNA used in our study had a
molecular weight of 3,000,000 and was negatively charged in solution,
we chose an anionic dextran with molecular weight of 2,000,000 as the
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Figure 2. Electric-Pulse-Induced Macropinocytosis
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(A) B16.F10 cells expressing Lifeact-GFP in control group were incubated with tetramethylrhodamine (red)-labeled dextran at 37°C for 10 min, without exposure to electric
pulses. (B) The same cells were treated with eight electric pulses at 450 V/cm, 5 ms, and 1 Hz (i.e., the EP group) in the presence of tetramethylrhodamine labeled dextran. After
treatment, cells were incubated at 37°C for 10 min to allow uptake of molecules. At the end of incubation, cells were washed with PBS, fixed by paraformaldehyde, and
examined with confocal microscopy. Arrows in the images denote dextran. (C) The panel shows an orthogonal view of a B16.F10 cell after treatment under the same conditions
as those in (B). Two optical cross-sections in x-z and y-z planes are shown in the panel to demonstrate the internalization of dextran. (D) The panel shows quantitative
measurements of cellular dextran uptake. They were performed by counting the numbers of tetramethylrhodamine-positive particles in maximum projection images of each
cell from the control and EP groups. The results were presented as box-and-whisker plots showing 10"-90" percentile. n = 14; *p < 0.05 (Mann-Whitney U test).

molecular probe. Due to relatively large size and lacking of membrane
receptors, dextran molecules could only be taken up by macropinocy-
tosis. If electrotransfection caused upregulation of macropinocytosis,
we would expect more uptake of dextran after cells were electrically
pulsed in the presence of dextran. Data shown in Figure 2A indicated
that, without application of electric pulses, a small amount of dextran
molecules were internalized by cells. The punctate distribution sug-
gested that they were internalized by macropinocytosis. When cells
were treated with electric pulses in the presence of dextran, we observed
remodeling of actin and an increase in the uptake of dextran over the
same period as that for the non-pulsed controls (Figures 2B-2D).
The pattern of dextran punctate distribution (Figure 2B) was similar
to that of pDNA shown in Figure 1A, suggesting that electrotransfec-
tion could promote actin remodeling and enhance macropinocytosis.

Next, we investigated whether the pDNA-containing vesicles
observed in Figure 1 were identical to the vesicles observed in Figure 2.
For this purpose, we electrotransfected B16.F10 Lifeact-GFP cells in
the presence of a mixture of Cy5-labeled pDNA and tetramethylrhod-
amine-labeled dextran. The pulsed cells were examined by confocal
fluorescence microscopy. If punctate structures of pPDNA and dextran
were of the same type, then we would expect the Cy5 fluorescence

signal to overlap with the tetramethylrhodamine signal. As shown
by the images in Figure 3A, the majority of the electrotransfected
pDNAs (blue color) co-localized with dextran (red color). We then
quantified the correlation of the two channels by Manders’
method,””® which evaluates the fraction of all pixels in a z stack of
confocal images from one channel that co-localizes with those from
another channel by calculating the Manders’ co-localization coeffi-
cient (MCC), which varies between 0 (no co-localization) and 1 (per-
fect co-localization). The Manders’ M1 coefficient was 0.277 = 0.062,
indicating that approximately 28% of red pixels co-localized with blue
pixels (see also Figure 3B). On the other hand, the Manders’ M2
(0.994 + 0.011) indicated that almost 100% of pDNA co-localized
with dextran. The higher value of M2 relative to M1 could be ex-
plained by the fact that we put more dextran in the pulsing buffer
than pDNA. Together, the data confirmed our hypothesis that
pDNA shared the same endocytic pathway as that for dextran to enter
cells during electrotransfection.

Inhibition of Macropinocytosis Decreased the Efficiency of
Electrotransfection

Although our results indicated that macropinocytosis was a possible
route for uptake of electrotransfected pDNA, it was still unclear
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Figure 3. Co-localization of Electrotransfected Plasmid DNA with Dextran
(A) The panel shows a representative confocal image of B16.F10 cells expressing
Lifeact-GFP. The cells were treated with electric pulses in the presence of both
tetramethylrhodamine-labeled dextran and Cy5-labeled pEGFP. Live images were
taken at 10 min after electrotransfection. Pseudo colors were assigned to each
channel for visualization: red for tetramethylrhodamine; green for EGFP; and blue
for Cy5, which are shown in images C1, C2, and C3, respectively. The colors are
merged in the fourth image. (B) The panel shows the characterization of co-locali-
zation by Manders’ co-localization coefficient (MCC). M1 represents the fraction of
all pixels in a z stack of confocal images from channel 1 (red) that co-localized with
those from channel 2 (blue). M2 represents the fraction of all pixels from channel 2
(blue) that co-localize with those from channel 1 (red); n = 9. The bar and error bar
represent mean and SEM, respectively.
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whether pDNA molecules carried in macropinosomes could eventu-
ally reach nuclei for expression. In other words, the results described
above did not show that macropinocytosis was responsible for suc-
cessful gene delivery. To address this issue, we evaluated changes in
the overall transfection efficiency after inhibition of macropinocyto-
sis, using the luciferase assay. As shown in Figures 4A and S2A, inhi-
bition of endocytosis by treatment of cells with cold medium for
10 min resulted in decreases in electrotransfection efficiency (eTE)
in different cell lines: 80% in B16.F10 cells; 90% in HEK293 cells;
and 70% in COS7 cells.

In addition, we investigated effects of ablation of actin cytoskeleton
on eTE. It is known that actin remodeling requires polymerization
of G-actin to form F-actin. Therefore, we hypothesized that, if we in-
hibited the process by a pharmacological inhibitor, cytochalasin D
(Cyto D),”” we could reduce the pDNA uptake through macropino-
cytosis. Indeed, our experimental data revealed that pretreatment of
cells with Cyto D decreased eTE in B16.F10 and HEK293 cells by
60% and 50%, respectively (Figure 4B). These results were consistent
with previous reports about the inhibitory effect of Cyto D on electric-
field-induced endocytosis.*’

DNA Uptake by Electrotransfection-Induced Macropinocytosis
Is Dependent on Rac1 Activity

Next, we sought to elucidate molecular mechanisms of electrotrans-
fection-induced macropinocytosis. Several signaling proteins, in-
cluding PAK-1, Arf6, and Rho family GTPases, are known to regulate
the initiation of macropinocytosis.”’ Additionally, Rho family
GTPases are well recognized for their complex interaction networks
and multiple roles played in regulation of actin cytoskeleton assem-
bly.®> It has also been reported that two of the Rho family GTPases,
cell division control protein 42 (Cdc42) and Racl, can regulate cell
63-65 phagocytosis,b(’ 67
hypothesized that electrotransfection could lead to actin remodeling
and enhance macropinocytosis through activation of Cdc42 and
Racl. To test this hypothesis, we performed experiments with two
pharmacological inhibitors, ML141°® and EHT1864," that targeted
Cdc42 and Racl, respectively. We chose these inhibitors because
they are potent, selective, and most importantly reversible, which al-
lowed us to observe the inhibitory effects without permanently inter-
fering with cell signaling. Results from the luciferase assay shown in
Figures 5A and S2B revealed that only the Racl inhibitor EHT1864
had pronounced effects on eTE. It decreased transfection efficiency
by as much as 70% in B16.F10 cells, 30% in HEK293 cells, and 50%
in COS7 cells. However, ML141 minimally affected the eTE in both
B16.F10 and HEK293 cells (Figure 5B). These results suggested that
Racl was more important than Cdc42 in controlling electrotransfec-
tion efficiency in these cell lines.

motility, and macropinocytosis.”” Therefore, we

We then looked for direct evidence of EHT1864 inhibiting macro-
pinocytosis in electrotransfected cells. To test whether EHT1864
treatment could prevent pDNA or dextran from entering the cells,
we first inhibited Racl signaling in B16.F10 cells by EHT1864 and
then electrically pulsed the cells in the presence of fluorescently
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labeled pDNA and dextran. Our hypothesis was that, if both pDNA
and dextran were in the solution, they could enter the same vesicles
in the macropinocytic pathway after application of electric field. To
avoid the formation of pPDNA-dextran complex through electrostatic
interactions, we used a negatively charged dextran. Data shown in
Figure 5C demonstrated a large number of pDNA and dextran
molecules co-localized in cells after application of electric field.
The amounts of pDNA and dextran were significantly reduced in
cells pretreated with EHT1864 (Figure 5C), and few of them were
co-localized. To confirm the results shown in Figure 5C, we electro-
transfected HEK293 cells with pDNA encoding tdTomato and
compared the transgene expression in cells pretreated with
EHT1864 to that in untreated control group. Images shown in Fig-
ure 5D demonstrated that EHT1864 treatment reduced the number
of tdTomato-positive cells. Meanwhile, it reduced the total number
of cells in these samples. To determine whether the percent of
tdTomato-positive cells or transfection efficiency was changed, we
performed flow cytometry measurement with both B16.F10 and
HEK293 cells. The data revealed that EHT1864 treatment indeed
reduced the efficiency in B16.F10 and HEK293 cells by 60% and
15%, respectively (Figure 5E), confirming the results obtained with
the luciferase assay (see Figure 5A). Taken together, these results
indicated that electrotransfection could specifically trigger Racl-
dependent macropinocytosis that could be inhibited by EHT1864
treatment.

Although the pharmacological inhibitory studies had helped us iden-
tifying Racl as a molecular regulator, the findings from those studies
might also be resulted from non-specific, off-target effects of the
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Figure 4. Reduction of eTE after Inhibition of DNA
Uptake through Macropinocytosis

To determine the eTE, luciferase assay was performed on
cell lysates at 24 hr after electrotransfection. Lumines-
cence readings (LU) of each sample were normalized by
total protein concentration to obtain relative luminescence
units (RLU). eTE was defined as the percentage of RLU
relative to control. (A) The panel shows effects of cold
medium treatment on eTE in B16.F10 and HEK293 cells.
After electrotransfection of pcDNA3.1(+) Luc2 = tdT, the
cells were divided into two groups. The control groups
were incubated at 37°C for 10 min to allow uptake of
pPDNA. The cold treatment group was incubated on ice for
10 min to minimize macropinocytosis. After incubation,
cells were plated in 6-well plates and cultured for 24 hr
to express luciferase. (B) The panel shows effects of actin
inhibitor, cytochalasin D (Cyto D), on eTE in B10.F10
and HEK293 cells. Cells were pretreated with DMSO
(i.e., control) or 10 uM Cyto D for 1 hr prior to electro-
transfection with pcDNAS.1(+) Luc2 = tdT. n = 4-6. *p <
0.05 and **p < 0.005 (Mann-Whitney U test).

O
O

HEK293

inhibitors. Therefore, to further confirm that in-
o hibition of electrotransfection-induced macro-
pinocytosis by EHT1864 could be due to the

loss of Racl activity, we used more specific as-

says to test our hypothesis. First, we adopted a fluorescence resonance
energy transfer (FRET)-based biosensor of Racl to directly examine
effects of electrotransfection on cellular Racl activity.”” Comparing
to the conventional semiquantitative pull-down activity assays,”'
the FRET-based method can provide much detailed temporal and
spatial information of Racl activity at the single-cell level. Indeed,
our results in Figure 6 showed that Racl activities in B16.F10 and
HEK293 cells were increased at 10 min after electrotransfection.
The fold changes at cell edge were greater than that in the center
area (Figures 6A and 6C). The average FRET/donor emission ratios
were increased by 40% in B16.F10 (Figure 6B) and 20% in HEK293
cells (Figure 6D) after application of electric field. These results
indicated that Racl was activated by electrotransfection and that
the spatial pattern of activation was consistent with those of actin
remodeling and macropinocytosis, which occurred mainly at cell

periphery.

Racl is commonly known to be activated by receptors, but it can be
also activated by nanoparticles,”* cell-penetrating peptides,”” and
microRNA.”* Because mechanisms of its activation in our study are
unknown, we decided not to perform the experiments using antago-
nists so that we could avoid non-specific activation of other targets.
Instead, we introduced two mutant variants of Rac1 into cells to study
the direct effects of Racl on electrotransfection. The first mutant was
Racl Q61L, which carried a glutamine-to-leucine mutation at the 61°%
amino acid. This mutation was reported to render the enzyme consti-
tutively active. Meanwhile, we chose a dominant negative mutant,
Racl T17N, as the negative control, which was mutated to abandon
the GTP binding affinity.”> Both mutants were first tested in
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Figure 5. Reduction of eTE after Pharmacological Inhibition of Rac1-Dependent Macropinocytosis

Cells were pretreated with an inhibitor or equivalent volume of DMSO (i.e., control) for 1 hr prior to electrotransfection with the pcDNA3.1 (+) Luc2 = tdT. After electro-
transfection, cells were plated in 6-well plates and cultured for 24 hr. Then, eTE was quantified with the luciferase assay (see A and B). (A) The panel shows effects of a Rac1
inhibitor, EHT1864, at 10 uM on eTE in B16.F10 and HEK293 cells. (B) The panel shows effects of a Cdc42 inhibitor, ML141, at 10 uM on eTE in B16.F10 and HEK293 cells.
(C) The panel shows images of cells after EHT1864 treatment. B16.F10 cells pretreated with EHT1864 (10 uM; 1 hr) were electrically pulsed in the presence of both FITC-
labeled pDNA (green) and tetramethylrhodamine-labeled dextran (red). After pulsing, cells were washed and fixed for confocal microscopy examination. Yellow color in-
dicates co-localization of green and red pixels. Cell nuclei were labeled with DAPI (blue). (D) The panel shows representative images of inhibitory effects of EHT1864 on
electrotransfection in HEK293 cells. Expression of tdTomato was shown in red. The red fluorescence images were overlaid onto images of the same cells under trans-
illumination. (E) The panel shows effects of EHT1864 on eTE in B16.F10 and HEK293 cells measured by flow cytometry. The data were consistent with those quantified with
the luciferase assay (see A). n = 4-6. *p < 0.05 and **p < 0.005 (Mann-Whitney U test).

B16.F10 cells, and the results are shown in Figure 7A. The transfection
efficiency was increased by 20% in cells expressing Racl Q61L when
examined by luciferase assay. In contrast, expression of Racl T17N
resulted in 50% decrease in eTE. Similar results were observed in
HEK293 cells (Figure 7B), where Racl Q61L expression increased
eTE by 30%. Interestingly, the expression of the dominant mutant
Racl T17N in HEK293 had no effect on €TE, which indicated that
pDNA uptake in HEK293 cells may not be determined solely by
Racl activity. Taken together, our data suggested that eTE could be
altered through manipulation of Racl activity in vitro with either

808 Molecular Therapy Vol. 25 No 3 March 2017

treatment of cells with pharmacological inhibitors and overexpres-
sion of Racl mutants.

DISCUSSION

Data from the study demonstrated that macropinocytosis of DNA
molecules contributed to electrotransfection of various cell lines
and that the process of macropinocytosis was partly modulated by
Racl activity. Specifically, we observed that electric pulse could
induce cell membrane ruffling and actin cytoskeleton remodeling.
When cells were pulsed in the presence of fluorescently labeled
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Figure 6. Activation of Rac1 through Exposure of B16.F10 and HEK293 Cells to Electric Pulses

(A) The panel shows FRET/donor emission ratio images of the ECFP/YPet-based Rac1 biosensor in B16.F10 cells. (B) The panel shows the average Rac1 activity represented
by FRET/donor emission ratio in control (B16 ctrl) and electrically pulsed (B16 EP) cells. (C) The panel shows FRET/donor emission ratio images of the ECFP/YPet-based
Rac1 biosensor in HEK293 cells. (D) The panel shows the average Rac1 activity represented by FRET/donor emission ratio in control (HEK ctrl) and electrically pulsed (HEK
EP) cells. Cells were pre-loaded with Rac1 biosensor, plated onto fibronectin-coated glass-bottom dishes, and incubated with serum-free media 1 hr prior to treatments. The
bar and error bar represent mean and SEM, respectively. n = 14-50. *p < 0.05 and **p < 0.005 (Mann-Whitney U test). The scale bars represent 10 um.

pDNA and a macropinocytosis marker, dextran, electrotransfected
pDNA co-localized with dextran in intracellular vesicles. Further-
more, electrotransfection efficiency evaluated by luciferase assay
was decreased significantly by reducing temperature for a short
period (10 min) after electric pulse application, treating cells with a
pharmacological inhibitor of Racl, or expressing a dominant negative
mutant of Racl. Meanwhile, expression of a constitutively active
mutant of Racl increased the electrotransfection efficiency. These
findings suggested that electrotransfection of pDNA could be medi-
ated by Racl-dependent macropinocytosis.

It has been shown that inhibition of endocytosis would impede elec-
trotransfection in vivo.”® Recent study from our lab showed that
pDNA could bind to membrane during electrotransfection and
continuously be internalized by cells over a period of time that was
much longer than the theoretical lifetime of transient pores induced
by pulsed electric fields.*® In addition, we demonstrated that a
clathrin-mediated endocytosis mechanism could actively transport
plasmids across the membrane and facilitate electrotransfection.””
The accumulating evidence supports the notion that electrotransfec-
tion of pDNA is mediated by endocytosis. In the present work, we
further confirmed that electrotransfection could indeed induce actin
remodeling, which is an essential requirement for macropinocytosis.

Cytoskeleton components, such as actin filaments and microtubules,
are known to be responsible for vesicle transport inside the cell.”®”* It
has been reported that electrotransfection can cause alteration of cell
adhesion® and changes in cell morphology,”" which are likely to be
related to cytoskeleton as well. However, the role of actin in assisting
transmembrane DNA transport has not been fully investigated. Our
data shown in Figures 1 and 2 demonstrated that actin cytoskeleton
was changed after electric pulse application. Interestingly, several
different structures of actin were observed in electrically pulsed cells.
We believed those structures to be associated with different stages of
macropinocytosis: the membrane protrusions indicated local initia-
tion of macropinocytosis, whereas the circular vesicles were likely
to be macropinosomes. In addition, considering the fact that those
structures were present only after pulse application, the vesicles
observed inside the cytosol could also be transitioning in endocytic
pathways. It was also interesting to discover that many of the DNA
aggregates seemed to be transported toward the nucleus. Even within
a short period (i.e., 10 min), plasmid DNA could be observed at sites
that were close to the nucleus, suggesting that pDNA could quickly
accumulate at certain peri-nuclear regions, possibly Golgi apparatus
or endoplasmic reticulum. It is worth to mention that the rate of
transport is faster than passive diffusion of large DNA molecules,
e.g., pDNA, in cytoplasm.
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Figure 7. Expression of Rac1 Mutants Induced Changes in
Electrotransfection Efficiency

(A) The panel shows the eTE in B16.F10 cells. The cells were pre-transfected with
PDNA encoding one of the two Rac1 mutants: Rac1 Q61L and Rac1 T17N. (B) The
panel shows the effects of Rac1 T17N and Q61L expression on eTE in HEK293
cells. Cells were plated in 6-well plates and transfected with pcDNA3-EGFP-Rac1-
Q61L or pcDNA3-EGFP-Rac1-T17N plasmids. After 24 hr, cells were collected
and electrotransfected with pcDNA3.1 (+) Luc2 = tdT. The eTE was quantified
with the luciferase assay at 24 hr after electrotransfection. n = 4—10. *p < 0.05 and
**p < 0.005 (Mann-Whitney U test).

It is known that macropinocytosis can be distinguished from other
endocytic pathways, such as clathrin-mediated endocytosis (CME)
and phagocytosis, because it is independent of a GTP-binding pro-
tein, dynamin 2.°* In our previous study,”® we have addressed the
role of dynamin-2-dependent endocytosis played in electrotransfec-
tion. By using a specific inhibitor (i.e., dynasore), we demonstrated
dynamin-2-dependent endocytosis could be responsible for electro-
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transfection in certain cells. As an extension of the previous work,
the present study demonstrated that electric-pulse-induced macropi-
nocytosis was also responsible for pPDNA uptake during electrotrans-
fection. These observations were consistent with reports from other
research groups. For instance, Rols et al. have reported similar obser-
vation of macropinocytosis in electrically pulsed cells.*” In a more
recent study by Rosazza et al.,** the contributions of different endo-
cytic pathways to cellular uptake of electrotransfected pDNA were
quantified by using specific inhibitors of endosomal proteins and
fluorescence microscopy technique. According to these results,
clathrin-dependent endocytosis and macropinocytosis were each
responsible for approximately 25% of pDNA uptake in CHO cells.
In the current study, the inhibition of macropinocytosis indeed
caused approximately 30% decrease in eTE in HEK cells. However,
the decreases in €TE were much greater in B16.F10 and COS7 cells
treated with EHT1864, suggesting that specific contribution of each
pathway to eTE was cell line dependent. Taken together, these find-
ings present a challenge to the conventional electro-permeabilization
theory by elucidating that multiple endocytic pathways could be uti-
lized for gene delivery during electrotransfection.

Our finding also sheds light on the actual form of pDNA being trans-
ferred into cells during electrotransfection. Several studies have indi-
cated that particles of different sizes could enter cells via different

8838586 vesicles in clathrin- and caveolin-mediated

mechanisms.
endocytosis are small in size (<100 nm), which can significantly limit
their transport capacities for pPDNA with a similar size. In contrast,
macropinocytosis, which is known to be responsible for cellular uptake
of viruses,?”*® nanoparticles,89 and naked pDNA,gO can generate ves-
icles with sizes of up to 5 um that could transport a significantly larger
amount of pDNA per vesicle. In previous and current studies, it was
observed that pDNA could form aggregates in solution with certain
192 Using dynamic
light-scattering technology, we observed that the size of DNA aggre-
gates grew with increasing the number of electric pulses.”” Under the
electrotransfection conditions used in the current study, the average
size of aggregates in solution was on the order of 500 nm, which was
the preferred particle size for macropinocytosis. Single pPDNA mole-
cules or smaller aggregates could enter cells through this and other
pathways. For example, pPDNA molecules might be directly pushed
into cytoplasm by electric field because they are negatively charged
or, as discussed above, they could enter cells through clathrin- or cav-
eolin-mediated endocytosis. As a result, inhibition of macropinocyto-
sis should not completely block electrotransfection.

sizes or complexes with the plasma membrane.

Another remarkable finding in the study was the involvement of the
small GTPase Racl in electrotransfection. Results obtained from the
pharmacological inhibitor study and the genetic gain-of-function
assay revealed that Racl was a key regulatory GTPase for electric-
pulse-induced macropinocytosis. Our discovery was consistent with
previous reports showing that Racl-mediated macropinocytosis is
responsible for the entry of DNA-conjugated, single-wall carbon
nanotubes into endothelial cells,”* as well as the entry of naked
DNA in an in vivo study,”” which are not triggered by electric pulses.
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Although we did not know the exact mechanisms on how electro-
transfection activated Racl, we hypothesized that Racl activation
and actin remodeling were required for repairing membrane damages
caused by electric pulses. The hypothesis was partly supported by an
observation that Racl inhibition by EHT1864 treatment reduced
viability of pulsed cells, but not control cells (data not shown). It
was also possible that Racl was activated in response to osmotic pres-
sure change or ion fluxes (Na*/H"/Ca*") during electroporation of
cells. These potential mechanisms might explain why different cell
lines responded differently to treatments with Racl inhibitors. For
example, results shown in Figure 4 indicated that the electrotransfec-
tion efficiency of B16.F10 cells was more dependent on Racl-medi-
ated macropinocytosis than that of HEK293 cells. The data in Figure 7
showed that transient expression of a dominant negative mutant of
Racl decreased eTE in B16.F10 cells but had little effect on eTE in
HEK293 cells. Similar results have also been observed in previous
studies.””® Therefore, data in our study could only lead to a conclu-
sion that Racl was required for electroporation-induced macropino-
cytosis. Future studies should be directed to address the issue on how
Racl activation mediates macropinocytosis.

In conclusion, the significance of our study was 2-fold. First, the study
provided new perspectives on electrotransfection mechanisms. Sec-
ond, it demonstrated the first evidence showing the involvement of
Racl-regulated actin remodeling and macropinocytosis in electro-
transfection. The finding that cytoskeletal changes could contribute
to the uptake of pDNA was of importance in controlling the efficiency
of electrotransfection. A better understanding in the relationship be-
tween cytoskeleton dynamics and intracellular trafficking of genes
will also benefit other viral and non-viral gene delivery methods.

EXPERIMENTAL PROCEDURES

Cell Lines and Cell Culture

Three cell lines were used in this study: B16.F10, a murine melanoma
cell line; HEK293, a human embryonic kidney cell line; and COS7,
a monkey kidney fibroblast-like cell line. Cells were obtained from
Duke University Cell Culture Facility (CCF) and cultured as previously
described.*®”” In brief, cells were grown as monolayers in high-glucose
DMEM (Invitrogen) supplemented with 10% fetal bovine serum
(Hyclone) and Antibiotic-Antimycotic (Invitrogen) at 37°C in a hu-
midified incubator with 5% CO, and passaged every 36-48 hr.

Plasmids

PEGFP-N1 was purchased from Clontech. pcDNA3.1(+) Luc2 = tdT
was a gift from Christopher Contag (Addgene; plasmid no. 32904).
pcDNA3-EGFP-Racl1-Q61L and pcDNA3-EGFP-Racl-T17N plas-
mids were gifts from Gary Bokoch (Addgene plasmid nos. 12981
and 12982). Plasmids were amplified using DH5a. E. coli and prepared
from single colonies using Miniprep DNA purification kits (QIAGEN)
according to manufacturer’s instructions. For fluorescence micro-
scopy studies, pEGFP plasmids were covalently labeled with fluores-
cent dyes (tetramethylrhodamine for red and fluorescein isothiocya-
nate [FITC] for green) using the Label IT nucleic acid labeling kit
(Mirus).

Pharmacological Inhibitors

Actin polymerization inhibitor Cytochalasin D was purchased from
Sigma Aldrich. Cdc42 GTPase inhibitor ML141 and Racl inhibitor
EH1864 were purchased from Santa Cruz Biotechnology. Stock
solutions of the inhibitors were prepared in DMSO and stored
at —20°C. For inhibitory studies, cells were seeded in 6-well plates
at densities of 0.5 to 0.7 million per well and allowed to grow over-
night to achieve 75%-90% confluency. Before treatment, culture
medium was aspirated and cells were washed twice by PBS free of
Ca® and Mg™*. After washing, 1 mL of serum-free DMEM was
added to each well and appropriate volumes of the drugs were
added to achieve final drug concentrations. In the corresponding
control groups, equivalent volumes of the solvent DMSO were
added. After incubation at 37°C with 5% CO, for 1 hr, cells were
collected by trypsinization and subsequently electrotransfected
with plasmid DNAs to investigate effects of the drug treatment on
electrotransfection efficiency.

Electrotransfection Procedures

For electrotransfection experiments, cells were plated 1 day prior
to experiment and grown overnight to 75%-90% confluency. Before
electrotransfection, cells were detached by 0.25% trypsin-EDTA
(Invitrogen) treatment, neutralized with medium containing 10%
serum, and then harvested by centrifugation. Cell pellets were then
re-suspended in OptiMEM I Reduced Serum Media (Invitrogen) at a
concentration of 107 cells/mL. Plasmid DNAs were then added into
the suspension to achieve a final concentration of 10 pg/mL. For
electrotransfection, samples were loaded into disposable 4-mm gap
aluminum cuvettes (Bio-Rad) and incubated shortly before receiving
an electric pulse sequence with eight pulses at 450 V/cm, 5 ms duration,
and 1 Hz frequency. The pulses were generated by using BTX ECM 830
Square Wave Electroporation System (Harvard Apparatus). After elec-
trotransfection, samples were incubated at 37°C for 10 min to promote
endocytosis. In cold treatment groups, cells were incubated on ice for
10 min. Then, the cells were retrieved, seeded in fresh culture medium
in 6-well plates, and cultured at 37°C with 5% CO,. Transfection effi-
ciency was evaluated at 24 hr after electrotransfection.

Uptake of Fluorescently Labeled Plasmid DNA and Dextran

To study pDNA uptake by cells via macropinocytosis, 1 pg of tetra-
methylrhodamine-labeled pEGFP-N1 was mixed with 1 million
cells suspended in 100 pL Opti-MEM. To study macropinocytosis
induced by the same electric pulses as those for electrotransfection,
10 pg tetramethylrhodamine-labeled, anionic, lysine fixable dextran
(2,000,000 molecular weight [MW]; Thermo Fisher Scientific) was
mixed with 1 million cells suspended in 100 uL Opti-MEM. All sam-
ples were immediately treated with electric pulses and incubated for
10 min at different temperature per experiment requirements. Sam-
ples were then re-suspended and washed with PBS and fixed with
4% paraformaldehyde for 20 min.

Transfection of pDNA for Rac1 Mutants

B16.F10 and HEK293 cells were transfected with two Racl constructs
(T17N and Q61L) using Genejet In Vitro DNA Transfection Reagent
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(Signagen Laboratories) and Lipofectamine 2000 (Invitrogen),
respectively. In experiments, cells were plated in 6-well plates at
0.5 x 10° cells per well and grown overnight. The next day, cells
were transfected with 1 pg plasmid in 5 pL transfection reagent ac-
cording to manufacturer’s instruction. The transfected cells were
further cultured for 24 hr to achieve expression of transfected proteins
and then harvested and used in the study of electrotransfection.

Fluorescence Microscopy and Image Analysis

Confocal fluorescence images were acquired using either a Leica SP5
inverted confocal microscope (Leica Microsystems) with 40X /nu-
merical aperture (NA) 1.25 objective or a XD revolution spinning
disk microscope (Andor Technology) with a 60x/NA 1.2W corr
UPlanApo objective. Images shown in the paper represent either op-
tical slices near the middle plane of cells or z stack projection of
maximum intensity. Regular fluorescence images were acquired
with an Axio Vert Al inverted microscope (Carl Zeiss). Image
segmentation, particle counting, and co-localization analysis were
performed in ImageJ using build-in functions. For counting macropi-
nosomes formed by dextran uptake, particle size was set between 4
and 100 pixels and circularity was set to default (0.00-1.00).

Rac1 Activity Assay by a FRET-Based Biosensor

The protocol is similar to that described previously.” Cells trans-
fected with a Racl FRET biosensor were plated onto fibronectin-
coated glass-bottom dishes overnight in high-glucose DMEM. One
hour before imaging, cells were washed and incubated in serum-
free DMEM media. The electrically pulsed (EP) groups received eight
pulses at 450 V/cm, 5 ms duration, 1 Hz frequency. The control
group received no treatments. After incubation at 37°C for 10 min,
samples were imaged at 60x magnification (Olympus UPlanSApo
60x/NA 1.35 objective) using fluorescence microscopy on an
Olympus inverted fluorescence microscope (Olympus IX83) illumi-
nated by a LambdaLS equipped with a 300 W ozone-free xenon
bulb (Sutter Instruments). The images were captured using a sSCMOS
ORCA-Flash4.0 V2 camera (Hamamatsu). The FRET images were ac-
quired using a custom filter set comprised of a donor excitation filter
(Chroma; ET450/30 % ), donor emission filter (Chroma; ET485/20 m),
acceptor excitation filter (Chroma; ET514/10%), acceptor emission
filter (Semrock; FF01-571/72), and dichroic mirror (Chroma; T450/
514rpc). The motorized filter wheels (Sutter Lambda 10-3) and auto-
mated stage (Prior H117EIX3) were controlled through MetaMorph
Advanced software (Olympus). The background subtraction and
calculation of pixel-by-pixel emission ratio of FRET/ECFP were per-
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formed in Image] using the open source plugin PixFRET.
Luciferase Assay

Luciferase activity was quantified at 24 hr after electrotransfection. In
brief, luciferin stock solution (30 mg/mL or 0.107 mol/L) was pre-
pared by dissolving 100 mg D-luciferin in 3.3 mL ddH,O and stored
as 0.25 mL aliquots at —20°C. ATP stock solution (1 mol/L) was pre-
pared by dissolving 1 g ATP in 1.8 mL ddH,O. Cells in 6-well plates

were washed twice with PBS and then lysed by a lysis buffer (25 mM
Tris-HCl [pH 7.8], 4 mM EDTA, and 1% Triton X-100) and
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collected by scraping. After centrifugation at 10,300 g for 10 min,
50 pL of the supernatant was pipetted into 96-well plates. To each
well, 150 pL of reaction solution (25 mM Tris-HCl [pH 7.8],
15 mM MgSO,, 2 mM ATP, and 5 mM D-luciferin) was added.
The plate was immediately mixed and read in a Victor X4 plate
reader (PerkinElmer). The luminescence was normalized by protein
concentration of each sample to account for differences in cell
numbers due to cell washing and variation in cell proliferation
rate. The protein concentration was measured using BCA protein
assay kit (Thermo Scientific). eTE in this assay was defined as the
percentage of luminescence units (RLU) in experimental group rela-
tive to that in the control.

Flow Cytometry

Flow cytometry analysis was performed as previously described.”” In
brief, cells were collected and re-suspended in 200-300 puL PBS and
then stained with propidium iodide (PI) (5 ng/ mL). Flow cytometry
analysis was performed with a BD FACSCanto II flow cytometer
(Becton Dickinson). 488-nm laser was chosen for simultaneous exci-
tation of GFP and PI. Single-cell populations were separated using
front and side light scattering as independent variables. Compensa-
tion was set between 20% and 25% to resolve emission spectra overlap
between the two detection channels. To access the eTE, 10,000 events
were collected for each sample. Raw data acquisition was performed
with the BD FACSDiva software. Data analysis was performed using
FlowJo. €TE in this assay was defined as the percentage of PI"/GFP*
population over total viable (PI") cells.

Statistical Test

Error bars in all figures represent the SEM. Differences between un-
paired groups were evaluated with the Mann-Whitney U test. They
were considered to be statistically significant if p < 0.05. The statistical
analysis was performed using Prism (GraphPad Software).
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