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ARTICLE

Role of specific endocytic pathways in electrotransfection of cells

Chun-Chi Chang', Mina Wu' and Fan Yuan'

Electrotransfection is a technique utilized for gene delivery in both preclinical and clinical studies. However, its mechanisms are not
fully understood. The goal of this study was to investigate specific pathways of endocytosis involved in electrotransfection. In the
study, three different human cell lines (HEK293, HCT116, and HT29) were either treated with ice cold medium postelectrotransfec-
tion or endocytic inhibitors prior to electrotransfection. The inhibitors were pharmacological agents (chlorpromazine, genistein,
and amiloride) or different small interfering RNA (siRNA) molecules that could knockdown expression of clathrin heavy chain
(CLTC), caveolin-1, and Rab34, respectively. The reduction in gene expressions was confirmed with western blot analysis at 48-72h
post-siRNA treatment. It was observed that treatments with either ice cold medium, chlorpromazine, or genistein resulted in signifi-
cant reductions in electrotransfection efficiency (eTE) in all three cell lines, compared to the matched controls, but amiloride treat-
ment had insignificant effects on eTE. For cells treated with siRNA, only CLTC knockdown resulted in eTE reduction for all three cell
lines. Together, these data demonstrated that the clathrin-mediated endocytosis played an important role in electrotransfection.
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INTRODUCTION

Electrotransfection is a gene delivery technique that relies on appli-
cation of pulsed electric fields to facilitate gene transport into cells.
It is also referred to as electroporation and electric field-mediated
gene delivery in the literature.'” Effective electrotransfection is
hinged upon overcoming a series of major physiological barriers—
from the site of plasmid DNA (pDNA) administration to its ultimate
destination in the nucleus of target cells.* One of the major barriers
encountered in gene delivery is the plasma membrane. Mechanisms
by which an electric field facilitates pDNA transport across this bar-
rier are still speculative and poorly characterized. Previous studies
have suggested diffusion, electro-osmosis, and electrophoresis as
potential mechanisms.>¢ Of these three possibilities, electropho-
resis has been subjected to the most investigation. Klenchin et al.”
utilized a monolayer of cells cultured on a porous film to show a
10-fold increase in electrotransfection efficiency (eTE) when pulses
with a polarity that promote pDNA electrophoresis toward the
monolayer were applied versus pulses with the opposite polarity.
Bureau et al® corroborated these findings by showing a significantly
greater €TE in vivo when a series of pulses consisting of one short,
high-voltage “electroporating” pulse followed by four long, low-
voltage electrophoresis-inducing pulses were used, compared to
using a single high-voltage pulse or four low-voltage pulses alone.
Results from these studies support the notion that electrophoresis
has a substantial effect on pDNA delivery across the cell membrane
and consequently, on the ultimate transfection efficiency. On the
other hand, contradictory findings were demonstrated by Liu et al.,’
who applied electric pulse sequences with either alternating polar-
ity or consistent polarity to tissues, and showed that the pulse polar-
ity had no effects on transgene expression in vivo. If electrophoresis

was the dominant mechanism for transmembrane transport of
pDNA, the pulse sequence with consistent polarity should yield
a higher level of transgene expression. The same authors also
observed insignificant changes in transfection efficiency when the
electrophoretic effect was diminished by supplementing the buffer
with 10% Ficoll to increase the viscosity of pDNA solution or with
Mg? to reduce the negative charge of pDNA.°

More recently, investigators have observed that the applied elec-
tric fields enable the formation of stable complexes between pDNA
and the plasma membrane in the region facing the cathode when
the field magnitude exceeds a threshold;'*"* and that eTE can be
significantly reduced if cells are pretreated with inhibitors of endo-
cytosis.' The observations indicate that pDNA is not internalized
immediately after electrically pulsing the cells, and suggest that
electrotransfection is a two-step process: (i) formation of stable
complexes between pDNA and the plasma membrane, induced by
an applied electric field, and (ii) adsorptive endocytosis of mem-
brane-bound pDNA, which is likely to occur after the application of
pulsed electric fields.

The goal of this study was to determine specific pathways
of endocytosis that are involved in electrotransfection of cells.
A common approach to investigation of endocytosis is to use
pharmacological inhibitors that can transiently block specific
pathways. For example, chlorpromazine (CPZ) inhibits clathrin-
mediated endocytosis through anchoring clathrin and adap-
tor protein 2 (AP2) complex to endosomes, thereby preventing
the assembly of coated pits at the inner surface of the plasma
membrane.” Genistein is a tyrosine kinase inhibitor that inhib-
its caveolae-dependent endocytosis by preventing (i) actin
depolymerization in the local cortical cytoskeleton, which must
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precede internalization of caveolar vesicles, and (ii) recruitment
of dynamin 2, which is required for the scission of vesicles from
cell membrane.’® Amiloride has been used to inhibit macropi-
nocytosis although the mechanisms of inhibition are still uncer-
tain. It has been shown that amiloride causes acidification in the
submembranous region at the site of macropinocytosis through
inhibition of Na*/H* exchangers,”” and that GTPases involved in
actin remodeling are highly sensitive to submembranous pH.
Hence, amiloride may inhibit macropinocytosis by lowering pH
at these sites, leading to impaired actin polymerization, which
is crucial for macropinocytosis.'” However, one potential prob-
lem with using the pharmacological inhibitors described above
is that they may reduce eTE via endocytosis-independent mech-
anisms.'® Therefore, it is important to independently confirm
the results with other approaches to inhibition of endocytosis,
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Figure 1 Effect of temperature on plasmid DNA (pDNA) uptake.
Immediately after electrotransfection, HEK293, HT29, and HCT116 cells
were treated with room-temperature (RT) or ice-cold (0-4 °C) medium for
30 minutes, and further incubated at 37 °C for 1 hour for cells to attach
to the surface. The pDNA was labeled with rhodamine (red), and cells
were stained with CellTracker Green CMFDA. A nonpulsed (NP) group
was included as a negative control.

such as siRNA-mediated knockdown of proteins involved in
endocytosis.

RESULTS
Effects of low temperature on electrotransfection efficiency

Exposure of cells to ice-cold medium (0-4 °C) is a commonly used
method for nonspecific inhibition of endocytosis. Therefore, we
treated cells with ice-cold medium, and investigated effects of treat-
ment on endocytosis of pDNA. In experimental design, we expected
the endocytosis to occur only within a short period (< 40 minutes)
post the application of electric pulses.' Considering that heat transfer
in medium was not instantaneous, we chose to directly add ice-cold
or room-temperature medium to cellsimmediately after electrotrans-
fection. With the experimental protocol described in the Materials
and Methods section, we observed that a significant amount of pDNA
uptake was found in all three cell types treated with room-tempera-
ture medium, whereas none or a small amount of pDNA molecules
were detected in the cells exposed to ice-cold medium (see Figure 1).
No pDNA was detected in the nonpulsed control groups. For HCT116,
HT29, and HEK293 cells exposed to the room-temperature medium
(i.e., the control cells), the eTE levels were 67.4, 18.9, and 50.6% (see
Figure 2a), respectively. Exposure of cells to the ice-cold medium sig-
nificantly reduced the eTE (see Figure 2b), and slightly reduced the
cell viability (Figure 2c). These data demonstrated that the pDNA
uptake was temperature-sensitive during the first 30-minute recov-
ery period of cells, suggesting that the pDNA uptake was mediated
by endocytosis. To identify specific pathways of endocytosis that
might be involved in electrotransfection, we investigated effects of
cell treatment with endocytic inhibitors on eTE.

Effects of pharmacological inhibitors on electrotransfection
efficiency

Cells were treated with CPZ, genistein, and amiloride at different
concentrations for 1 hour prior to electrotransfection with a green
fluorescence protein (GFP)-encoding plasmid. The CPZ treatment
significantly decreased eTE in all three cell lines (P < 0.05), com-
pared to matched controls with an equivalent volume of DMSO
vehicle (Figure 3a). Pretreatment of the cells with genistein led to
a significant reduction in eTE in HEK293 cells (P < 0.05) but not
in other cell lines (Figure 3b). Amiloride treatment had insignifi-
cant effects on eTE in all tested cell samples (P > 0.05) (Figure 3c),
except for HEK293 cells treated with amiloride at a higher concen-
tration (2.5 mmol/l).
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Figure2 Effect of temperature on electrotransfection efficiency and cell viability. The experimental conditions were the same as those described in
the legend of Figure 1. At 24 hours postelectrotransfection, the electrotransfection efficiency (eTE) was quantified with flow-cytometry, and the cell
viability was quantified with the MTT assay. Panel a shows the eTE of cells in the room-temperature (RT) groups (i.e., the controls). The difference in eTE
between any two cell lines were statistically significant (n =5, P < 0.05, Mann-Whitney U-test). Panel b shows the relative eTE normalized by the data
in the corresponding RT groups (n = 4). Panel ¢ shows the relative cell viability normalized by the data in the corresponding RT groups (n = 8). *P < 0.05
(Wilcoxon Signed-Rank test).
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Figure 3  Effects of pharmacological inhibitor treatments on electro-
transfection efficiency. HEK293, HT29, and HCT116 cells were pretreated
with (a) chlorpromazine (CPZ), (b) genistein (GN), and (c) amiloride at
different concentrations for 1 hour. The control groups were treated
with an equivalent volume of DMSO. Electrotransfection efficiency was
quantified at 24 hours postelectrotransfection. All data were normalized
by the matched controls. *P < 0.05 (n = 4-6, Mann-Whitney U-test).

Effect of gene knockdown on electrotransfection efficiency

To confirm the results shown in Figure 3, we also investigated the
dependence of eTE on expressions of three proteins: clathrin heavy
chain (CLTC), caveolin-1 (CAV-1), and Rab34, which could affect
clathrin-mediated endocytosis, caveolae-dependent endocyto-
sis, and macropinocytosis, respectively. In experiments, cells were
transfected either with two specific small interfering RNA (siRNA)
(siRNA-1 and siRNA-2) molecules directed against two different
nucleotide sequences within the encoding gene (see Table 1),
or with nonspecific siRNA duplexes with comparable GC content
(i.e., the negative control siRNA). Western blot analysis showed
that expressions of all three proteins were reduced at 48-72
hours post-siRNA transfection (see Figure 4a). The extent of
reduction was >90% for CLTC and Rab34 in all cell lines, except
for Rab34 in HT29 cells that was undetectable even in control
cells. Reverse transcription-polymerase chain reaction (RT-PCR)
analysis confirmed that Rab34 was not expressed in this cell line
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Table 1 Specific siRNA sequences for different target genes
;Z,geet siRNA sequence Cogén ¢
CLTC  #1  5-CCGGAAATTTGATGTCAATACTTCA-3’ Low

#2  5-GAGTGCTTTGGAGCTTGTCTGTTTA-3’ Low
CAV-1  #1 5-CCCACTCTTTGAAGCTGTTGGGAAA-3" Med
#2  5-TCCGCATCAACTTGCAGAAAGAAAU-3’ Low
Rab34 #1  5-AATTCTCGGACATTCTCACCAGTGA-3’ Low
#2  5-AATCGTTCCATCTCGAAGTCCACTC-3’ Med

siRNA, small interfering RNA.

(Figure 4b). The extent of CAV-1 reduction varied with the cell
line. It was >90% in HT29 cells, 78 or 83% in HCT116 cells, and
33 or 49% in HEK-293 cells, depending on the sequence of siRNA
used in the study.

Having confirmed the knockdown of protein levels via western
blot analysis, HEK293, HCT116, and HT29 cells were then subjected
to the same siRNA transfection protocols. At 48-72 hours post-siRNA
treatments, the cells were electrotransfected with a GFP-encoding
plasmid; the eTE was quantified after 24 hours. The experimental
results are shown in Figure 5. The CLTC knockdown resulted in a sig-
nificant reduction in €TE in all three cell lines (P < 0.05) (Figure 5a).
However, neither CAV-1 nor Rab34 knockdown could significantly
decrease eTE (Figure 5b,c).

DISCUSSION

The aim of this study was to determine specific endocytic pathways
that were involved in electrotransfection of cells. Our data showed
that both pDNA uptake and eTE were sensitive to the medium tem-
perature after electric pulsing of cells. The data also demonstrated
that pretreatment of cells with endocytic inhibitors or siRNA could
significantly reduce €TE. The reduction was caused specifically by
inhibitors for clathrin-medicated endocytosis, suggesting that this
endocytic pathway was more important than others, at least for the
three cell lines tested in our study.

Previous studies have suggested that application of pulsed elec-
tric fields facilitates the interactions of pDNA with the cell mem-
brane, and that the membrane bound pDNA is internalized by cells
through endocytosis.'>" To further demonstrate the cellular uptake
of pDNA via endocytosis, we first treated cells with the ice-cold
medium, a commonly accepted method for inactivating endocy-
tosis.'*? Our data showed that the treatment significantly reduced
the electric pulse-mediated pDNA uptake and the expression of the
reporter gene (i.e., GFP). The reductions were not due to cell killing
effect because the ice-cold medium treatment had only minor influ-
ences on cell viability (see Figure 2c), which has also been observed
in a previous study,?' suggesting that the reductions were caused by
the inactivation of endocytosis.

Another interesting observation in our study was that the
decreases in pDNA uptake and eTE, caused by the treatment of
cells with the ice-cold medium, were smaller in HCT116 cells than
in the other two cell lines, implying that endocytosis was faster in
this cell line. Similarly, we observed in a separate experiment that
postapplication of electric pulses, incubation of cells on ice, rather
than directly mixing the cells with the ice-cold medium, could sig-
nificantly reduce eTE in HT29 and HEK293 cells, but not in HCT116
cells (data not shown). To understand this observation, we need to

Molecular Therapy — Methods & Clinical Development (2014) 14058

- @



DNA endocytosis in electrotransfection
C-CChangetal.

iy

v
a > g v N v > 4 >~ V'? ¢
F F O &g g & ,§ S & & &
s &L 2 DX s 2 P 2
S ¥ ¢ S F I & S L& I &
HEK293 - o WS S — d aaad
HCT116 e -
b $ o
N
HT29 SRS
Rab34 -—

Figure4 Analysis of gene expression levels in cells after silencing with specific small interfering RNA (siRNA) shown in Table 1. (a) HEK293, HT29, and
HCT116 cells were treated with either two different siRNA oligos directed against CLTC, CAV-1, or Rab34, respectively, or with control siRNA with similar
GC contents. Western blot analysis was performed at 48-72 hours after siRNA treatment. Please note that Rab34 protein was undetectable in untreated
HT29 cells (data not shown). (b) Levels of Rab34 mRNA were determined with RT-PCR in untreated HEK293 and HT29 cells. The result showed that mRNA

for Rab34 was detectable in HEK293 cells but undetectable in HT29 cells.

consider rate of heat transfer to cells. When the cells in the cuvette
were incubated on ice, the mode of heat transfer was conduction,
which was significantly slower, compared to the rate of cell cooling
via mixing pulsed cells with the ice-cold medium. If the endocytosis
of pDNA was fast in HCT116 cells, it might have already happened
before the temperature of the cells incubated on ice was reduced
to~4°C.

The experiment discussed above had two limitations. One was
that the cold temperature might nonspecifically block intracel-
lular processes that were not involved in gene delivery but could
influence transgene expression; another was that it did not provide
information on endocytic pathways involved in electrotransfection.
To confirm the effects of electro-endocytosis and identify specific
pathways that mediated electrotransfection, we used pharmaco-
logical inhibitors and siRNA to block the pathways of endocytosis
(i.e., macropinocytosis and those mediated by clathrin or caveolin)
prior to electrotransfection, and investigated how the treatments
affected eTE.

The use of pharmacological inhibitors is a well-established
approach for studying endocytic pathways involved in the inter-
nalization of ligands, biomarkers, and nonviral gene carriers, such
as cationic liposomes and polymers.’8222* A variety of chemical
inhibitors of endocytosis have been developed and screened
to selectively target different endocytic pathways, especially
the three best-characterized ones: clathrin-mediated endocy-
tosis, caveolae-dependent endocytosis, and macropinocytosis.
Elucidating the means of internalization and routes of intracel-
lular trafficking of gene carriers has provided insightful informa-
tion regarding the efficiency of different endocytic pathways in
leading to ultimate gene expression. This information can be uti-
lized to design and/or modify properties of genes/gene carriers
to either target certain pathways or circumvent certain endocytic
obstacles/barriers. We have thus adopted this strategy to study
the internalization of naked pDNA when electrotransfection is
used as the gene delivery method. CPZ, genistein, and amiloride
are well-established, specific inhibitors of clathrin-mediated
endocytosis, caveolae-dependent endocytosis, and macropino-
cytosis, respectively. Our results exhibited a significant decrease
in eTE in the three cell lines, HEK293, HCT116, and HT29, when
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cells were treated with CPZ at 10 umol/I prior to electrotransfec-
tion, while minor or no change in eTE was observed after genis-
tein or amiloride treatment (see Figure 3). These data implied
that clathrin-mediated endocytosis was the dominant pathway
of pDNA internalization in all three cell lines.

Although endocytic drug pretreatment did substantially dimin-
ish eTE, it could not completely inhibit electrotransfection for any of
the cell lines tested in the study. There are several possible explana-
tions for the incomplete inhibition. One is that the drug treatments,
although effective in targeting specific endocytic pathways, do not
completely inhibit or stop their activities. As a result, some residual
degree of pDNA uptake via clathrin-mediated endocytosis could still
exist in CPZ-treated cells, accounting for the remaining electrotrans-
fection efficiency. The second possibility is related to a limitation in
the experimental protocol. Monolayers of cells were treated with
the pharmacological inhibitors of endocytosis, whereas electro-
transfection was performed with cells suspended in pDNA solution.
The preparation of cell suspension from the monolayers and the
required incubation of cells on ice took ~20-25 minutes. This time
lag could be adequately long to allow for significant drug clearance
from the cells, and thus partial recovery of the targeted endocytic
pathways. Drug clearance could be a reason for the impairment but
not complete inhibition of pDNA endocytosis by the time when
electrotransfection was performed. Furthermore, any recovery of
endocytosis that occurred within a few hours post the application
of electric pulses could also contribute to the cellular uptake of
pDNA." The third possibility is that there are alternative pathways
for endocytosis, which were not targeted by the specific endocytic
inhibitors used in this study. In fact, there exist poorly character-
ized clathrin- and caveolae-independent, nonmacropinocytic path-
ways.? Although poorly understood, these endocytic pathways still
play crucial roles in many cellular functions and may contribute to
uptake, intracellular trafficking, and ultimate gene expression in
electrotransfected cells. Finally, it was possible that an unknown
fraction of pDNA molecules observed in cells were internalized
through electric pulse-induced defects in the membrane, which was
independent of endocytic pathways. For HT29 cells, this fraction was
likely to be small since its eTE was less than 20% after the cells were
treated with the ice-cold medium for 30 minutes.

© 2014 The American Society of Gene & Cell Therapy
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Figure 5 Effect of small interfering RNA (siRNA) treatment on
electrotransfection efficiency. HEK293, HT29, and HCT116 cells were
pretreated with either two different siRNA oligos against (a) CLTC,
(b) CAV-1, or (c) Rab34, or with control siRNA with similar GC contents. At
48-72 hours post-treatment, the cells were electrotransfected, and the
electrotransfection efficiency was quantified at 24 hours after incubation.
All data were normalized by the matched controls. *P < 0.05 (n = 4-6,
Mann-Whitney U-test).

Pharmacological inhibition provides a fast, easy-to-use strategy
for transient impairment of targeted endocytic pathways. While
it offers many advantages, it also suffers from certain limitations,
mainly the potentials for low specificity and variable efficacy. The
low specificity could arise from direct, unintended effects on alter-
native pathways for endocytosis other than the ones targeted in
this study. It could also arise from disruption of other cellular pro-
cesses and/or activities that have indirect effects on endocytosis.
An example of the latter case is the disruption of the actin cyto-
skeleton which is required for several endocytic pathways, involv-
ing invagination and formation of vesicles as well as changes in
functions of various proteins and lipid components in the cell
membrane.

Efficacy of pharmacological inhibitors has also been shown
to vary in a cell-dependent manner, even with optimization for
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each cell line.”® CPZ, used in our study to target clathrin-mediated
endocytosis, has been shown to block phagocytosis in neutro-
phils and macrophages??® and potentially, macropinocytosis.?®
These effects of CPZ on alternate pathways may result from the
amphipathic property that allows this molecule to embed readily
into the phospholipid bilayer to alter membrane fluidity and con-
sequently, membrane invagination behavior. The side effects of
CPZ may also stem from the drug’s purported inhibitory effect on
phospholipase C, a regulatory molecule of actin polymerization and
macropinocytosis.?62%-3!

A systematic study of the efficacy and specificity of various
endocytic inhibitors in several cell lines shows that CPZ can
inhibit uptake of human transferrin, a specific marker of clath-
rin-mediated endocytosis, in a cell line-specific manner, with
some cell lines unaffected by the treatment.’”® The same study
also investigated genistein, which was used in our study to tar-
get caveolae-dependent endocytosis, in inhibiting the uptake
of LacCer, a specific marker for lipid raft dependent endocytosis.
While genistein exhibits high efficacy in reducing LacCer uptake
across all cell lines, it also causes a dramatic, 80% diminishment in
the clathrin-mediated uptake of transferrin in one particular cell
line.”® The observation is not surprising, considering that genis-
tein, although a commonly used inhibitor of caveolae-mediated
endocytosis,**3is a tyrosine kinase inhibitor that may have addi-
tional effects on molecules involved in or shared with other endo-
cytic pathways. Amiloride, used in our study to target macropi-
nocytosis, has been shown to have alternate inhibitory effects
on clathrin-mediated uptake of junctional protein complexes in
epithelial cells** and of receptor-bound albumin in opossum kid-
ney cells.>® An amiloride analogue has been shown to cause dis-
ruption of actin cytoskeleton dynamics in fibroblasts, leading to
inhibited cell motility, pseudopodial retraction, and cell detach-
ment from substrate.” As a result, the drug-induced disassembly
of actin filaments may affect multiple actin-dependent endocytic
pathways. To overcome the low specificity and variable efficacy
problems of pharmacological inhibitors, we also used RNAi tech-
nology to block endocytosis prior to electrotransfection of cells.

Molecular biological methods, such as RNAi induced gene silenc-
ing, provide the advantages of high specificity, superior efficacy,
minimal toxicity, and sustained inhibition of the target proteins
or mechanisms. The RNAI strategy was employed in this study to
impair the same three endocytic pathways by targeting crucial
proteins exclusively implicated for each pathway. For inhibition
of clathrin-mediated endocytosis, siRNA was directed against the
CLTC, an important component of the clathrin protein that dictates
its triskelion structure and permits its assembly into polygonal lat-
tices at the clathrin-coated pits along the membrane.® For inhibition
of caveolae-dependent endocytosis, siRNA was directed against
CAV-1, the main protein found within caveolae in most cells that is
responsible for the formation and structural stability of caveolae.®
Macropinocytosis was inhibited with siRNA directed against Rab34,
a member of the Rab family of small GTPases that has been found
to localize in regions of membrane ruffling, the predominant site
for macropinocytosis, and be deemed necessary for the formation
of macropinosomes.* Our experimental data shown in Figure 5a
revealed that the knockdown of CLTC could significantly reduce eTE
in all three cell lines (P < 0.05), indicating that pDNA entered cells
through clathrin-mediated endocytosis during electrotransfection.
This finding was consistent with the pharmacological results shown
in Figure 3a, where cells were pretreated with CPZ, an inhibitor for
clathrin-mediated endocytosis.
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An interesting point to note is the modest reductions in €TE in
all three cell lines resulting from siRNA treatment, compared to
those achieved with pharmacological inhibitors. CLTC knockdown
yielded 21-25% decrease in eTE relative to the matched controls,
whereas the eTE decrease was 38-46% for CPZ-treated cells. The
disparity between the two different approaches might be attrib-
utable to the duration of inhibition. siRNA knockdown caused a
gradual and sustained reduction in protein expression, whereas
the effects of pharmacological agents were immediate and short-
lived. Since endocytosis is crucial for cellular homeostasis and
viability, cells in the former approach may develop compensatory
mechanisms to rectify the deficiencies caused by siRNA-targeted
inhibition of endocytosis. This adaptation often manifests as
upregulation of alternative endocytic pathways, which seems rea-
sonable given that the surface area of cells does not change drasti-
cally over the course of siRNA-induced inhibition of endocytosis.
Evidence of this so-called “cross-regulation”*’ between different
endocytic pathways can be gathered from the studies of Damke
et al*, which showed upregulation of fluid-phase pinocytosis in
dynamin mutants subjected to temperature dependent inhibition
of clathrin-mediated endocytosis. The existence of the “cross-reg-
ulation” mechanism implies that siRNA-induced inhibition of one
endocytic mechanism may induce upregulation of alternate path-
ways that can facilitate pDNA uptake during electrotransfection.
Pharmacological inhibitors, on the other hand, only cause imme-
diate, transient effects on endocytosis, which might not provide
sufficient amount of time for cells to adapt or develop the same
compensatory mechanisms, thereby resulting in the higher eTE
reduction. Furthermore, pharmacological inhibitors are relatively
less specific as discussed earlier, which may cause unintended
effects on alternate endocytic pathways or nonendocytic mecha-
nisms that can reduce eTE.

Electrically-induced endocytosis of non-DNA macromolecules
has been observed in previous studies. Antov et al.** observed
enhancement in membrane absorption of bovine serum albu-
min and dextran after application of nonpermeabilizing, low
electric field pulses. The enhancement in absorption was fol-
lowed by increased cellular uptake of these macromolecules.
B-galactosidase and large dextran molecules, added into the
medium up to 60 minutes after the application of electric pulses,
were observed within large vesicles in cells. The postpulsing
uptake of the macromolecules diminished when cells were treated
with an actin-depolymerizing drug, colchicine,** implying that the
macromolecules were internalized by cells via macropinocytosis.
Similar results have also been observed for fluorescently labeled
bovine serum albumin.* These experimental observations indi-
cate that exposure of cells to electric pulses can enhance endo-
cytosis of non-DNA macromolecules over a period that is several
orders of magnitude longer than the lifetime of transient pores in
the membrane induced by pulsed electric fields.*

In summary, the present study provided new insights into the
mechanisms of electrotransfection. It supported the notion that
endocytosis played an important role in electric pulse-induced cel-
lular uptake of pDNA, and identified clathrin-mediated endocytosis
as amechanism of pDNA internalization after the cells were exposed
to pulsed electric fields. Although the new findings cannot exclude
the possibility that some fraction of DNA molecules may enter cells
through electric pulse-induced defects in the membrane, they will
stimulate further investigations of electrotransfection mechanisms,
and potentially lead to development of new directions for improv-
ing electrogene therapy.
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MATERIALS AND METHODS
Cells culture

Three types of cells were used in the study: HEK293, a human embryonic
kidney cell line, HCT116, a human colorectal carcinoma cell line, and HT29,
a human colon adenocarcinoma cell line (ATCC, Manassas, VA). HEK293 was
cultured in high glucose Dulbecco’s modified Eagle’s medium (Gibco, Grand
Island, NY), supplemented with 10% (vol/vol) fetal bovine serum and 1x
antibiotic-antimycotic solutions (Gibco). HCT116 and HT29 were cultured in
McCoy'’s 5A medium with 10% (vol/vol) fetal bovine serum and 1x antibiotic-
antimycotic solutions (Gibco). All cells were incubated in 100 x 20 mm dishes
or six-well plates (Clontech, Mountain View, CA) at 37 °Cin 5% CO, and 95%
air, and passaged every 2-3 days. Cells were electrotransfected with GFP-
encoding plasmid (pEGFP-N1).

Plasmid labeling

For visualization studies, pEGFP-NTwas labeled with LabellT Tetramethyl-
rhodamine (Mirus, Madison, WI), conducted as per manufacturer’s
protocol. The fluorescent dye was covalently linked with DNA; the labeled
plasmid was purified through ethanol precipitation and resuspension in
water before use.

Electrotransfection

1x10° cells were suspended in OptiMEM and mixed with 6 pg pEGFP-N1
to achieve a final sample volume of 100 pl. The samples were incubated on
ice for 10 minutes (with occasional flicking to resuspend cells) before being
transferred into BTX disposable 4-mm gap aluminum cuvettes (Harvard
Apparatus, Holliston, MA). Cells were then subjected to electric field pulse
treatments using a BTX ECM 830 Square Wave Electroporation System
(Harvard Apparatus). To achieve high transfection efficiencies and cell viabil-
ities, the optimal parameters for electric pulse sequences were: eight pulses
at 400V/cm, 5 msec duration, and 1 Hz frequency for HEK293 and HCT116
cells, and six pulses at 600V/cm, 5 msec duration, and 1 Hz frequency for
HT29 cells. After exposure to electric pulses, 500 pl of complete culture
media (described above) at room temperature were added into the cuvettes
with the pulsed cells, and samples were left undisrupted for 10 minutes at
room temperature postelectrotransfection to promote cell recovery and
resealing of pores in the membrane. The samples were then seeded in fresh
media in six-well plates; and the GFP expression was quantified using flow
cytometry after incubation for 24 hours.

Changing temperature of pulsed cells

The experimental protocol was similar to that described above for electro-
transfection. Immediately after the pulse applications, 500 pl of complete
culture media, which were either ice-cold or at the room temperature, were
added into the cuvettes with the pulsed cells, and samples were left undis-
rupted for 30 minutes on ice for cells in the cold medium or at room tem-
perature for cells in the other group. All cells were then incubated at 37 °C
for 1 hour. Then, the cells in each group were divided into two subgroups.
One subgroup was used immediately for visualization of internalized pDNA
molecules with confocal microscopy. Another subgroup was cultured for
another 24 hours for the GFP expression analysis with flow cytometry, or cell
viability analysis.

Confocal microscopy

Electrotransfected cells were imaged using an EMCCD camera (Andor
Technology, Belfast, UK) coupled to an Andor XD revolution spinning disk
confocal microscope (Andor Technology) at the Duke University Light
Microscopy Core Facility. Before confocal imaging, all cells were stained
with CellTracker Green CMFDA. The lasers provided excitation light at wave-
lengths of 488 and 561 nm for imaging CMFDA and rhodamine, respectively.
Intensities of rhodamine and CMFDA in confocal images were then adjusted
with Zen Software (Carl Zeiss, Thornwood, NY) for visualization of pDNA
localization in cells.

Flow cytometry

Culture medium in six-well plates was aspirated, and adherent cells were
washed twice with phosphate-buffered saline without Ca** and Mg?*.
The cells were collected by trypsinization, and resuspended in 350-400
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ul phosphate-buffered saline containing propidium iodide (Pl) (5 pg/
ml). Flow cytometry analysis was performed with a BD FACSCanto Il flow
cytometer (Becton Dickinson, Franklin Lakes, NJ) at a Duke Cancer Institute
Core Research Facility, which was equipped with 488 and 633 nm lasers
for simultaneous detection of GFP and PI fluorescence. Forward and side
light scattering were used as independent variables to exclude debris and
isolate the cell population of interest. Compensation was set between 20
and 25% to resolve spectral emission overlap between the two detection
channels; 10,000 events were collected for each sample; and autofluores-
cence was corrected in each experimental group by using control cells
treated with the same experimental protocols and subjected to the same
electric fields but without GFP-encoding pDNA. The BD FACSDiva software
was used for data acquisition and analysis. The eTE was defined as the per-
centage of total viable cells (Pl negative) that expressed GFP (Pl negative,
GFP positive).

Cell viability assay

Cell suspension was placed in 96-well plates at a density of 1x10%well in
200 pl medium. 20 pl 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) solution (5 mg/ml, Molecular Probes, Grand Island, NY) was
added to each well and incubated for 3.5 hours. MTT solvent (4 mmol/l HCI,
0.1% Nondet P-40 (NP40) in isopropanol) was used to dissolve the pellets.
Plates were illuminated at 595nm with a Victor X Multilabel Plate Reader
(Perkin Elmer, Waltham, MA) and cell viability was defined as the absorbance
of each experimental sample normalized by the absorbance of the sample in
the corresponding control group. A total of three trials were conducted and
averaged to yield the final viability value for each experiment. Results from
eight independent experiments are reported in the paper.

Treatment of cells with pharmacological inhibitors of endocytosis

Cells were seeded in six-well plates to achieve 80-90% confluency within
24 hours. The media was aspirated, and adherent cells were washed twice
with phosphate-buffered saline without Ca?* and Mg?*. Two milliliters of
OptiMEM (Gibco) were added to each well, and appropriate volumes of each
drug stock prepared with dimethyl sulfoxide (DMSO) were added to achieve
final drug concentrations of: 10 umol/I for chlorpromazine; 100 or 300 pmol/I
for genistein; and 300 umol/I, T mmol/l, or 2.5 mmol/I for amiloride (Sigma-
Aldrich, St Louis, MO). Cells in the control groups were treated with the
equivalent volumes of DMSO without the addition of drugs. Cells were incu-
bated at 37 °Cin 5% CO, and 95% air for 1 hour, and subsequently washed
with phosphate-buffered saline without Ca?* and Mg**. Cells were then tryp-
sinized, washed again with serum-containing media, and resuspended in
OptiMEM at a density of 1x 107 cell/ml. They were electrotransfected with
PEGFP-N1 using the protocol described above to investigate effects of the
drug treatments on eTE.

Small interfering RNA treatment

Cells were transfected with Stealth small interfering RNA (siRNA) oligos (Life
Technologies, Grand Island, NY) directed against clathrin heavy chain, cave-
olin-1, and Rab34 or the Stealth RNAi negative control duplex with similar
GC content (Life Technologies). For each gene target, two siRNA oligos tar-
geting different sequences within its gene were used (see Table 1). After the
transfection, the cells were incubated for 48 to 72 hours before they were
harvested for western blot analysis, RT-PCR analysis, or electrotransfection
experiments. The experimental details are as follows.

Lipofectamine RNAiMax Transfection Reagent (Life Technologies) was
used to transfect HEK293 and HCT116 cells with the siRNA sequences
directed against all three genes or negative control duplex. The transfection
reagent was used according to the manufacturer’s forward transfection pro-
tocol. Before performing experiments, cells were allowed to grow to 60-70%
confluency in six-well plates and were treated with 30 pmol of siRNA mixed
with 9 pl of Lipofectamine RNAiMax per well. After treatment, the cells were
incubated for 72 hours.

For HT29 cells, Lipofectamine RNAiMax failed to silence gene expressions
with the same siRNA. Therefore, siRNA transfections were carried out using
the Nucleofector Kit R (Amaxa, Cologne, Germany) and the W-017 program
on the Nucleofector Il System, according to the manufacturer’s protocol.
Before performing experiments, cells were allowed to grow to 60-70%
confluency. For transfection of HT29 cells with siRNA sequences directed
against CLTC and CAV-1, 2x 10° cells were treated with 300 nmol/I of siRNA
or negative control duplex in a sample volume of 100 pl, seeded in six-well
plates, and incubated for 48 hours. It should be noted that the difference in
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the methods used for siRNA transfection among different cell lines had little
influence on the conclusions of this study.

Western blot analysis

To determine protein expression levels after siRNA treatments, total pro-
teins were extracted from siRNA treated cells using M-PER Mammalian
Protein Extraction Reagent (Thermo Scientific, Waltham, MA). Cells were
gently scraped from the culture plates, resuspended in 100 ul M-PER buf-
fer with protease inhibitor cocktail (Sigma Aldrich), and gently shaken for
15 minutes. Samples were then centrifuged at ~14,000g for 5-10 min.
Clear protein extract supernatants were collected and protein concen-
tration was quantified using a Bradford Assay (Bio-Rad, Hercules, CA).
The extract was resolved on 4-12% sodium dodecyl sulfate/polyacryl-
amide gel electrophoresis (Life Technologies) and transferred onto PVDF
membrane (Bio-Rad), blocked for 1 hour at room temperature in 5% milk,
20 mmol/l Tris, 500 mmol/I NaCl, 0.1% Tween20 (pH 7.5), and incubated
overnight at 4 °C with primary antibodies: rabbit polyclonal anti-caveo-
lin-1 (Santa Cruz Biotech, Santa Cruz, CA), rabbit polyclonal anti-Rab34
(Abcam, Cambridge, MA), and rabbit polyclonal anti-clathrin heavy chain
(Abcam). Rabbit polyclonal anti-actin (Santa Cruz) was used as a loading
control. The membrane was then probed with goat anti-rabbit second-
ary antibody conjugated to horseradish peroxidase (GE Healthcare Bio-
Sciences, Pittsburgh, PA) for 30 minutes at room temperature, developed
with SuperSignal West Femto Chemiluminescent Substrate (Thermo
Scientific), and imaged with the 1IS2000MM Image System (Carestream,
Rochester, NY).

RT-PCR analysis

RT-PCR was performed to determine the level of Rab34 mRNA in cells.
The total RNA extracted from cells was first converted into single-strand
cDNA, using the RNA to cDNA EcoDry Premix (Clontech) before PCR.
SYBR label-based PCR was performed, using Chromo 4 real-time PCR
system (Bio-Rad). The PCR products were analyzed with the agarose gel
electrophoresis method, and imaged with the IS2000MM Image System
(Carestream).

Statistical analysis

Unpaired groups were compared with the Mann-Whitney U-test; paired
groups were compared with the Wilcoxon Signed-Rank test. The difference
was considered to be statistically significant if the P value was < 0.05.
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