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ABSTRACT

Electric field mediated gene delivery (EFMGD) or electrotransfection is a
popular, non-viral gene delivery method that has been used in a variety of studies and
applications ranging from basic cell biology research to clinical gene therapy. Yet, the
mechanism(s) by which electrotransfection facilitates DNA delivery across the cell
membrane into the cell and its subsequent intracellular transport across the cytosolic
space towards the nucleus have been insufficiently studied and still remain
controversial. Understanding these mechanisms and characterizing the intracellular
journey of pDNA is important for understanding the physiological barriers of EFMGD
within the cell, which can be used to engineer better solutions to overcome these barriers
with the ultimate goal of improving the transfection efficiency of this technology.

Conventional thought in the field assumes that such transport modes as
diffusion, electrophoresis, and electro-osmosis, which govern the entry of small
molecules into cells through electric field-generated transient membrane pores, also
apply to electric field-mediated delivery of therapeutic DNA. We propose that
electrically-induced gene transfer into cells is governed by an alternative, more active
mode of transport that entails the involvement of cellular endocytic processes. It is our

hypothesis that pulsed electric field generate these membrane pores which interact with
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nearby DNA molecules; but that actual DNA translocation across the membrane is
driven by endocytosis, which consequently, then, also plays a role in the intracellular
transport of the DNA. To this end, we first investigated the dependence of
electrotransfection efficiency (eTE) on binding of plasmid DNA (pDNA) to plasma
membrane. Binding concentrates DNA molecules in the vicinity of the cell membrane,
which should theoretically result in a greater number of DNA-membrane interactions
during pulsed electric field, more internalized DNA, and ultimately, higher eTE values.
We demonstrated that supplementing the electrotransfection buffer with divalent
cations (Ca? and Mg?) is an effective method of promoting pDNA adsorption to the cell
membrane. This cation-mediated increase in DNA adsorption to the cellular membrane
resulted in a consequent increase in eTE, up to a certain threshold concentration for each
cation. To determine the timeframe for completion of pDNA internalization following
pulse treatment, trypsin treatment was applied to cells at different timepoints after
electrotransfection to strip off any residual, membrane-bound pDNA that had not been
internalized. Trypsin treatment at 10 min post electrotransfection still resulted in a
significant reduction in eTE, indicating that the time period for complete cellular uptake
far exceeded the lifetime (~ 10 msec) of electric field-induced transient pores. The role of
endocytosis was further probed by noting the effect on eTE when cells were treated with
three endocytic inhibitors (chlorpromazine, genistein, dynasore) targeting different

internalization mechanisms or silenced of dynamin expression using specific, small



interfering RNA (siRNA). siRNA silencing and all three pharmacological inhibitors
yielded substantial and statistically significant reductions in the eTE. Taken together,
these findings suggest that the mechanism of electric-field mediated DNA
internalization entails: (i) binding of pDNA to cell membrane and (ii) endocytosis of
membrane-bound pDNA.

The same strategies of pharmacological endocytic inhibition and siRNA silencing
was used to further explore and compare electric field-induced pDNA internalization in
additional cell lines that differ in terms of cell type, proliferation rates, proliferative
capacity (i.e. primary versus immortalized/cancer line), etc. in order to determine
whether endocytosis is a universally implicated mechanism across many cell lines.
Results showed different endocytic pathways to be recruited for pPDNA uptake in a cell-
dependent manner and that one or multiple pathways may contribute to uptake within
a cell line.

Taken together, the studies presented in this dissertation provide both indirect
and direct evidence suggesting an endocytic role in the translocation of pDNA across
the cell membrane and its intracellular routing towards the nucleus for EFMGD. These
seminal findings could potentially lead to better understanding of the intracellular
barriers encountered by EFMGD, more strategic optimization of electrotransfection
parameters than the trial-and-error approach currently used, and enhanced transfection

efficiencies.
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Chapter 1

INTRODUCTION

Non-viral gene therapy, which utilizes a genetic-based therapeutic approach to
treating a variety of diseases, offers tremendous advantages over their viral counterparts
in terms of cost-effectiveness, ease of production, stability, and safety, but its full
potential is still stifled by poor transfection efficiency and gene expression. The efficacy
and efficiency of non-viral gene therapy is highly determined by delivery of the
therapeutic gene to its target cells and ultimately the nucleus for gene expression. Its
transport, however, is hindered by a variety of physiological barriers along the way that
all have the potential to reduce transfection efficiency. Electric field mediated gene
delivery (EFMGD) or electrotransfection usually entails local administration of the
therapeutic DNA near the target site followed by application of electric field pulses to
induce DNA delivery into and transfection of target cells. In this case, pPDNA must
overcome, in sequential order: 1) the interstitial space, which is composed of the
extracellular matrix (ECM) and cells that bind pDNA and physically inhibit diffusive
and convective mobility of DNA, 2) the cell membrane of the target cells, which poses as
a physical barrier to prevent entry of most exogenous molecules including foreign DNA,

3) the intracellular cytosol, which inhibit diffusive mobility of DNA due to cytoplasmic
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crowding (organelles, proteins, cytoskeletal networks, etc.) and binding effects and
cause pDNA degradation due to the presence of cytosolic nucleases, and 4) the nuclear
envelope, which pose as another physical barrier to regulate entry of molecules into the
nucleus (Henshaw and Yuan 2008).

The effect of electric field on interstitial transport of pDNA has been previously
investigated by our lab and summarized in the works of Zaharoff and Henshaw.
Electrophoretic movement of pDNA through the interstitium during pulsed, electric
field was characterized in both ex-vivo and in-vivo tumor tissue and novel strategies to
be used in tandem with EFMGD to enhance interstitial pDNA transport were
investigated. ~ This dissertation proceeds to investigate the effect of EFMGD in
facilitating pDNA transport across the subsequent barriers of the cell membrane and the
intracellular space. These next two physiological barriers were combined due to the
common mechanism of endocytosis that governs DNA transport across them during
EFMGD, as proposed by this dissertation.

In this dissertation, evidence obtained using different strategies will be presented
to implicate multiple pathways of endocytosis in facilitating the internalization and
intracellular trafficking of pDNA following pulsed, electric field treatment. Chapter 2
will provide background information regarding gene therapy as a promising treatment
solution for a wide variety of diseases, the different types of non-viral gene therapy with

emphasis on EFMGD, the fundamentals of EFMGD or electrotransfection, prior scientific



studies which have alluded to an active mode of pDNA uptake as a result of pulsed,
electric field, and finally, the different endocytic pathways which could participate in
pPDNA internalization. Chapter 3 first investigates the effect of cation-mediated pDNA
adsorption to cell membrane on the electrotransfection efficiency (eTE) of EFMGD.
Trypsin treatment was then used to strip off membrane-bound pDNA at different
timepoints after pulsed electric field and the effect on eTE was again noted. The results
of these studies are used to refute electrophoresis, diffusion, and electro-osmosis as
driving forces for pDNA transport across the cell membrane during EFMGD, thus
indirectly implying the role of endocytosis in pDNA internalization. Pharmacological
agents were used to transiently inhibit different endocytic pathways and their effects on
eTE were determined. RNA interference using siRNA (small, interfering RNA) directed
againt dynamin II, a crucial endocytic GTPase protein associated with multiple
endocytic pathways, was used as an alternate method of impairing endocytosis to
determine the effect on eTE. In Chapter 4, the combination strategy of pharmacological
inhibition and siRNA knockdown was again used to probe for and compare the specific
endocytic pathways involved in electric-field mediated pDNA internalization in two
additional cell lines. Finally, Chapter 5 will explore future studies and research
directions in the field of electric field-mediated gene delivery. One proposed study
entails utilizing fluorescent microscopy to observe the direct effect of endocytic

inhibition on the internalization and intracellular distribution of fluorescently labeled



pDNA after pulse treatment, rather than noting their indirect impact on
electrotransfection efficiency. Colocalization studies of fluorescently labeled endocytic
vesicles with fluorescently tagged plasmid DNA is also proposed as an additional
strategy for confirming endocytic uptake of pPDNA following EFMGD. Finally, based on
preliminary findings that are presented in greater detail in Chapter 5, it would be of
interest to determine whether different pulsed electric field parameters recruit different
endocytic pathways or combinations of pathways to facilitate pDNA uptake and

intracellular trafficking within a cell line.



Chapter 2

BACKGROUND

2.1 Gene Delivery Approaches

Gene therapy is showing increasingly greater promise in the treatment of genetic
diseases with advancements in molecular biology tools and increasing knowledge of the
human genome. This approach of restoring normal, cellular function by introducing
exogenous copies of healthy/therapeutic genes is hinged upon the successful delivery of
plasmid DNA to the target cells/tissues and subsequent intracellular delivery to its final
destination in the nucleus. A variety of delivery/carrier methods have been developed
to facilitate the introduction of exogenous DNA into different cell systems and can be
classified into two basic groups: viral and non-viral/synthetic vectors (Cristiano 1998;
Cristiano, Xu et al. 1998; Robbins and Ghivizzani 1998; Strayer 1998). Viral delivery
vehicles exploit the transduction abilities of retroviruses, adenoviruses, adeno-associated
viruses and herpes simplex viruses to infect host cells with genes of interest. Viruses
boasts the highest transfection efficiencies of all the different gene delivery methods,
with adenoviruses, arguably the most efficient viral vector, generating tranfection levels
up to 90-100% in mice liver, human dendritic cells, and adult rat brain (Herz and Gerard

1993; Gerdes, Castro et al. 2000; Jenne, Schuler et al. 2001). Viral systems offer high
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transfection efficiencies but suffer issues ranging from toxicity, immunogenicity, lack of
target specificity, and high costs of production (Pack, Hoffman et al. 2005). Non-viral,
chemical delivery vehicles mostly consist of synthetic vectors constructed of cationic
lipids and polymers, which electrostatically bind polyanionic DNA into condensed
complexes that shield the highly negative charge of DNA, facilitate cellular entry, and
offer protection against nucleolytic enzymes. Whereas these synthetic vectors exhibit
lower toxicity compared to recombinant viral carriers, they face their own challenges
including poor transfection efficiency and instability in vivo.

Other non-viral alternative for gene delivery rely on various physical and
mechanical means to facilitate DNA entry. Some of these methods include (Plank,
Schillinger et al. 2003; Mehier-Humbert and Guy 2005):

() Hydrodynamic gene delivery — the rapid injection of a large volume of naked
plasmid DNA solution into circulation. In a mice model, this injection is
administered at the tail vein, causing excessive fluid flow and pressure build-up
in highly perfused organs, especially the liver. This method has resulted in
transfection of 30-40% of the hepatocytes in the liver of treated mice (Liu, Song et
al. 1999). Electron microscopy revealed the presence of transient, hydrodynamic
treatment-induced membrane defects in these hepatocytes, which may
potentially be the mechanism of DNA entry and transfection (Zhang, Gao et al.

2004). Although this method yields promising transfection results, there are



(if)

severe disadvantages that include significant cell and tissue damage, cell
necrosis, and potential heart malfunction (Zhang, Vargo et al. 1997; Zhang,
Budker et al. 1999), that makes it an unrealistic gene therapy strategy in humans.

Particle bombardment (gene gun) — a ‘biolistic approach’ in which DNA is
deposited onto the surface of heavy metal (gold or tungsten) microparticles of
about 1-1.5 um in diameter and accelerated into tissues and across the cell
membrane into cells. DNA then gradually dissociates from the particles to
transfect cells. The efficiency of this technique depends on factors such as the
amount of DNA coated onto the particle surfaces, the microparticle sizes, the
type of gun used (helium powered versus gun-powder; hand-held versus stand-
alone), and the distribution of the DNA-coated beads within the tissue, which is
affected by the acceleration rate generated by the gun. Transfection efficiencies
of 30% have been achieved in cultured HEK293 (human embryonic kidney) cells
(O'Brien and Lummis 2004) and in vivo expression levels of 20% have been seen
in the bombarded area in mouse liver and skin tissue (Yang, Burkholder et al.
1990; Williams, Johnston et al. 1991). However, disadvantages of this technology
include being reserved to only superficial, easily accessible tissues (e.g. skin), low
DNA-loading capacity, and having limited depth of tissue penetration (less than

1 mm into skin) (Mehier-Humbert and Guy 2005).



(iii)

Ultrasound-mediated gene delivery (Sonoporation) — application of focused
ultrasound waves, resulting in formation of cavitation bubbles that induces
biological effects such as microvascular hemorrhages and structural disruption
of tissues, as well as cell death and transient membrane permeabilization on a
cellular level (Miller, Pislaru et al. 2002). The collapse of these bubbles and the
corresponding energy release destabilizes and permeabilizes cell membrane to
facilitate cellular uptake of exogenous macromolecules and DNA into the cells.
The transfection efficiency is affected by such parameters such as frequency,
output strength magnitude, treatment duration, ambient temperature, and DNA
and cell concentrations. In vitro gene expression levels are relatively low and
range from < 1% for HeLa cells (Lauer, Burgelt et al. 1997) to 2.4% for primary rat
fibroblasts (Kim, Greenleaf et al. 1996) to 20% for LnCap, a human prostate
cancer cell line, (Tata, Dunn et al. 1997). However, addition of contrast agents,
such as Albunex®, yielded substantially greater ultrasound-mediated
transfection values of up to 43% in vitro (Greenleaf, Bolander et al. 1998). These
agents are speculated to enhance transfection by acting as artifical cavitation
nuclei to concentrate the number of cavitational events per unit volume and
consequently, increase the number of cells affected by cavitation. In vivo
transfection levels, however, remains low and hover below 5% (Miller, Bao et al.

1999; Huber and Pfisterer 2000).



v)

(vi)

Magnetofection - association of DNA and its viral or non-viral carriers with
cationic magnetic nanoparticles made of biodegradable iron oxide with a
polymer coating. These DNA-coated nanoparticles are then driven and
concentrated within target cells by an external magnetic field. Magnetofection
has achieved reasonable success is transfecting certain primary cell lines,
endothelial cells, and difficult-to-transfect cells such as HUVECs (Scherer, Anton
et al. 2002; Krotz, Sohn et al. 2003). Transfection efficiencies of up to 40% have
been obtained in vitro for both HUVECs and porcine aortic endothelial cells
when magnetic particles coated with PEI/DNA complexes were used (Scherer,
Anton et al. 2002).

Electroporation/Electropermeabilization — application of high voltage electric
field pulses to induce transient, localized membrane permeabilization that
permits the passage of DNA and other non-permeant macromolecules.
Transfection efficiency of electroporation is highly dependent upon both physical
(field magnitude, pulse duration, pulse number, pulse frequency, electrode
configuration) and biological factors (DNA concentration, DNA configuration,
cell density, cell size, pulsation buffer composition). These experimental factors
must be empirically determined for each new cell line to optimize transfection
efficiency. Electroporation has been used to transfect a variety of tissues and the

efficiency of gene delivery in vitro ranges from 0.1% up to 55% (Toneguzzo,



Keating et al. 1988; Li, Chan et al. 1997; Bodwell, Swiff et al. 1999; Delteil, Teissie
et al. 2000; Cemazar, Sersa et al. 2002). A method known as nucleofection
(Amaxa Biosystems, Cologne, Germany), which combines electroporation with
prioprietary nucleofection solutions customized for a variety of cell lines, has
been able to achieve extremely high, in vitro efficiencies of up to 95% without
substantial costs to cell viability (Lakshmipathy, Pelacho et al. 2004; Nakashima,
Matsuyama et al. 2005). Electroporation has also yielded promising in vivo
results, with transfection efficiencies of 25-35% in embryonic chick hearts

(Harrison, Byrne et al. 1998) and rat liver (Heller, Jaroszeski et al. 1996).

Of these aforementioned physical methods, electroporation remains to be one of

the most widely used strategies for both in-vitro and in-vivo (Heller 1995; Heller, Ugen

et al. 2005; Heller and Heller 2006; Heller, Jaroszeski et al. 2007) applications, due to its

efficiency, simplicity of use, and safety (Escoffre, Portet et al. 2009).

2.2 Fundamentals of Electroporation

Since its introduction in 1982 by Neumann and colleagues (Neumann, Schaefer-

Ridder et al. 1982) as an effective means of transfecting cells, electroporation has enjoyed

widespread usage in biology and medicine yet little is still known about the mechanisms

underlying electric-field induced membrane permeabilization (electropermeabilization),
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DNA-membrane interaction during translocation, and the intracellular transport of

DNA towards the nucleus.

2.2.1 Electropermeabilization

Electropermeabilization occurs when the application of an external, electric field
pulse causes the transmembrane potential difference AVm, of a cell to exceed a critical
threshold value, ranging from 200 mV to 1V (Kinosita and Tsong 1977; Teissie and Rols
1993). To understand how an applied electric field induces permeabilization of the cell
membrane, a cell can be represented as a simplified spherical, conductive body with a
dielectric spherical shell as the plasma membrane that separates the intracellular and
extracellular environment and maintains a resting transmembrane potential difference,
AVo.  When subjected to an electric field, an additional transmembrane potential
difference, AVE, is induced that varies in magnitude and direction depending on the
position along the membrane with respect to the electric field. The electric field-induced

change in transmembrane potential difference, AVe can be described by Equation 2.1.

AV, =—g(A)rEcos O(M)[1—e "] (2.1)

AV, =AV,+AV, (2.2)
24,7, a

g= ‘ (2.3)

A, (A, +2/16)+2i(ﬂ,i -1,)4,-4,)
a
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E is the externally applied electric field, r is the cell radius, 6 is the angle between the
direction of the E-field and a normal vector to point M on the membrane, ¢ is the time
after the onset of the electric pulse, and t is the membrane charging time that depends
on the dielectric properties of the membrane (Teissie, Golzio et al. 2005). & is a form
factor that depends on the conductivities of the membrane A, intracellular cytosol A
and extracellular environment A, as shown in Equation 2.3. The electric field-induced
AVeis added to the resting transmembrane potential difference AVy, typically -40 mV to
-60 mV (Teissie, Golzio et al. 2005), to yield the net, position dependent AVm (see
Equation 2.2) that is hyperpolarized at the anode-facing pole and depolarized at the
cathode-facing pole (Escoffre, Portet et al. 2009). When AVmreaches its critical threshold
(controlled by the applied E-field) at either poles facing the electrodes, the bilayer
membrane at these regions undergo structural changes resulting in transient, increased

permeability and rapid influx of non-permeant, extracellular molecules (Gehl 2003).

2.2.2 Transmembrane Transport of DNA

Entry of small molecules such as ions, dyes, radio tracers, and drugs into cells
during electroporation has been shown to be a very rapid process that is driven by
diffusion, electrophoresis, and/or electroosmosis (Golzio, Rols et al. 2004). Electrically-
driven DNA transfer across the membrane, however, occurs on a much slower scale

(order of minutes) (Golzio, Teissié et al. 2002) and precludes the aforementioned
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transport modes as potential driving forces. Insight into its transmembrane transport

can be gathered from studying the DNA-membrane interactions that take place at the

permeabilized cell poles. The mechanism by which DNA interacts with

electropermeabilized membranes, resulting in DNA uptake is still uncertain, although

several models have been proposed in the literature (Favard, Dean et al. 2007; Escoffre,

Portet et al. 2009):

(if)

(iii)

Formation of ‘stable’ electropores, estimated to be 20-200nm in diameter
(Sugar and Neumann 1984; Krassowska and Filev 2007) during pulse
duration that are large enough to permit free diffusion of locally-
accumulated DNA into cell.

Electrostatically-driven interactions with the polyanionic DNA and cationic
sphingosine lipids causes DNA adsorption on cell surface. DNA is
transiently inserted into the plasma bilayer and electrophoretically pulled
through hydrophilic electropercolated porous zones. (Spassova, Tsoneva et
al. 1994; Hristova, Tsoneva et al. 1997)

Electrophoretic forces push DNA through the putative electropores and
mechanical interactions between the DNA and pore edges during passage

dictate pore dynamics, size, and/or lifetime. (Kleinchin 1991; Sukharev 1992)
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(iv)  DNA diffuses into the interior of the membrane bilayer, only after pore
formation and completion of electric pulse, where the zwitterionic head
groups of the lipids forms a stable complex with the DNA to facilitate its

translocation across the membrane. (Tarek 2005)

Despite the aforementioned speculative models of pore formation during
electroporation, these “electropores’” have never been visualized in living cells and their
existence still remains to be confirmed (Teissie, Golzio et al. 2005). @ One study
conducted by Chang et al.,, utilized rapid-freezing electron microscopy to capture
formation of ‘volcano-shaped membrane openings’ on the membrane of red blood cells
subjected to electric field (Chang and Reese 1990). Their findings, however, were later
disputed as being an artifact resulting from the hypoosmotic extracellular conditions
used.

The actual mechanism in which electric field then facilitates the translocation of
DNA across the membrane is also uncertain and subject to much speculation. Such
mechanisms as diffusion, electro-osmosis, and electrophoresis have been proposed
(Michel, Elgizoli et al. 1988; Dimitrov and Sowers 1990), although electrophoresis has
been suggested the most by several studies. Kleinchen et al. exhibited a 10-fold increase
in transfection efficiency when electric field pulses were applied with a polarity

inducing DNA electrophoresis towards a cell monolayer cultured on a porous film
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versus pulses with reverse polarity. They also showed a 2-3 fold reduction in
transfection efficiency when the electrophoretic mobility of DNA was reduced by either
increasing the viscosity of the medium using 10% Ficoll or adding Mg?* to reduce the
effective charge of DNA (Kleinchin 1991). Electrophoresis was further suggested by the
in vivo studies of Bureau et al., which demonstrated that transfection efficiency was
significantly greater when a series of pulses, consisting of one high voltage, short pulse
(to induce membrane permeabilization) followed by four low voltage, long pulses (to
drive DNA electrophoresis), was used than when the single high voltage pulse or the
four low voltage pulses alone were applied (Bureau, Gehl et al. 2000).

Experimental studies of DNA interactions with model lipid membranes and
vesicles suggest alternate mechanisms of internalization. The work of Angelova and
Tsoneva (Angelova, Hristova et al. 1999; Angelova and Tsoneva 1999) visualized DNA-
induced endocytosis following DNA/lipid interaction and complex formation, when
DNA molecules of varying sizes were locally microinjected near the surface of giant
unilamellar vesicles (GUV). Proposed mechanisms for this phenomena suggest that
local DNA/lipids interactions induce topological transformation of the bilayer that 1) for
small DNA fragments, caused encapsulation of the DNA molecules within cylindrical
inverted micellar domains along the membrane that were subsequently internalized as
part of vesicles or 2) for large DNA fragments, caused membrane surface and charge

asymmetries between the two lipid monolayers that were relieved by formation of
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endosomes around the adsorbed DNA molecule(s). The formation of vesicles and
endocytic uptake of high molecular weight DNA was also witnessed by Chernomordik
et al., when GUVs were exposed to short, high-intensity pulses (12.5 kV/cm, 0.1-1ms)
(Chernomordik, Sokolov et al. 1990).

Further insight into DNA/membrane interactions during electroporation can be
gleaned from the visualization studies of Rols et al (Golzio, Teissié et al. 2002; Phez,
Faurie et al. 2005). Using digitized fluorescence microscopy and YOYO-1 labeled
plasmid DNA, they monitored the electrophoretically-driven accumulation of pDNA
along the electropermeabilized, cell membrane sides facing the cathode. They witnessed
the formation of discrete pDNA aggregates at numerous ‘competent’” membrane
domains in this region when the field magnitude exceeded a critical threshold. These
DNA clusters could not be eliminated when pulses of inverse polarity were applied,
implying the formation of stable DNA-lipid complexes that could not be reversed.
These aggregates were also susceptible to external DNA staining for up to 10 min after
pulsing.  After this time period, these DNA-lipid complexes were completely
internalized and inaccessible to external dye. One can infer from these results that
electric pulses contribute directly to 1) the induction of transient, permeabilized domains
on the membrane surface 2) electrophoretic accumulation of polyanionic DNA along the
interfacial membrane side facing the cathode, and 3) formation of stable DNA-

membrane complexes at these membrane domains. However, actual translocation of
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DNA across the membrane takes place over a prolonged period of time after the
completion of pulsing, implying minimal/no effect from electric field but the potential
involvement of cellular machinery/processes. Favard et al. (Favard, Dean et al. 2007)
made the interesting observation that the size of these DNA-membrane
aggregates/domains, ranging from 0.1-0.5 um (Escoffre, Portet et al. 2009), were of the
same order as lipid rafts. These sphingolipid- and cholesterol- enriched membrane
domains serve as platforms to colocalize proteins involved in intracellular trafficking
and signaling pathways (Calder and Yaqoob 2007) and may provide insight into the
internalization and subsequent intracellular trafficking mechanism of electric field-

mediated gene delivery.

2.3 Diffusion-negligible Intracellular Transport

It has long been believed that electroporation permits the influx of exogenous
macromolecules such as pDNA from the extracellular environment directly into the
cytosol. Once inside the cell, the pDNA relies on the simple yet purportedly effective
means of diffusion through the aqueous cytoplasm to reach the nucleus, its targeted
destination. While this may be satisfactory as applied to small solutes, several groups
have presented evidence showing diffusion to be highly improbable as the dominant
mode of transport for larger molecules such as pDNA. Lukacs et al. used fluorescence

recovery after photobleaching (FRAP) to determine the diffusional mobilities of
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fluorescently-labeled dsDNA of varying sizes that were directly microinjected into the
cytoplasm. They determined the mobilities of DNA molecules in cytoplasm to be
increasingly inhibited with increasing plasmid size compared to values measured in
water: a ~ 17-fold decrease for sizes > 250 bp and over a 100-fold drop for fragments >
2000 bp (Lukacs, Haggie et al. 2000). pDNA of any therapeutic/functional capacity will
minimally span a few kilobase pairs, thereby making it prohibitively inefficient for these
molecules to rely on diffusion to transport them to the nucleus within a reasonable
amount of time. Their hindered mobilities are most likely attributed to cytoplasmic
crowding posed by the presence of various organelles, high protein concentrations, and
the highly crosslinked network of the actin cytoskeleton (Favard, Dean et al. 2007).
When cells were treated with different actin cytoskeleton disrupting/depolymerizing
agents such as cytochalasin B, significant improvements were seen in their diffusional
mobilities (Dauty and Verkman 2005). The cytosolic diffusional barrier is further
exacerbated by the short half-life of naked pDNA in the cytosol, due to metabolic
degradation by cytoplasmic nucleases. A 50% reduction in DNA in the cytoplasm was
detected in 1-2 hours in HeLa and COS-1 cells (Lechardeur, Sohn et al. 1999) and as fast
as 5 minutes in muscle cells (Bureau, Naimi et al. 2004).

Yet despite all of these cytoplasmic obstacles, significant reporter gene
expression is achieved via electroporation and can be detected as soon as 4 hours after

treatment (Haas, Jensen et al. 2002), which necessitates pDNA being successfully
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transported to the nucleus. With diffusion ruled out as a feasible mechanism, the
remaining alternative is directed, active transport. Active transport within the cytosol is
carried out via different endocytic pathways that utilize a complex, intracellular
microtubule network to transport cargo to designated locations such as the perinuclear
region for nuclear entry or to lysosomes for degradation. The directed, deliberate
transport of endocytic pathways would serve as a much more efficient and faster means
of delivering the pDNA to the nucleus following electric field treatment.

Endocytosis has been shown to be the mechanism of uptake of various
macromolecules following pulsed electric field treatment. Antov et al. demonstrated
increased membrane adsorption of bovine serum albumin (BSA) and dextran molecules
upon application of non-permeabilizing, low electric field (LEF) pulses via speculated
electric-field induced changes in cell membrane composition, which consequently
stimulated endocytic uptake of these molecules (Antov, Barbul et al. 2005). Rols et al.
showed that the enzyme B-galactosidase was taken up by cells, even over an hour after
electric field application, and was localized in large vesicles rather than being uniformly
distributed throughout the cytoplasm. Post-pulse uptake of the enzyme was
dramatically diminished when cells were pretreated with the macropinocytosis-
inhibiting drug, colchicine, prior to pulsing (Rols, Femenia et al. 1995). Whether
endocytosis is also responsible for DNA internalization following electric field treatment

has, to the best of our knowledge, yet to be investigated.
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2.4 Endocytic Pathways

Endocytosis, a ubiquitous process in all eukaryotic cells, is the regulated cellular
internalization of extracellular ligands/proteins, membrane receptors, soluble molecules,
etc., necessary for crucial cellular functions such as nutrient uptake, signal transduction,
cell polarity generation, and general homeostatis (Mellman 1996; Conner and Schmid
2003). Many endocytic pathways exist within a cell to facilitate intracellular uptake of
external macromolecules and to shuffle them from the plasma membrane to destinations
throughout the cell, including the nucleus. These pathways all begin with the formation
and budding of vesicles encapsulating external macromolecules (Khalil, Kogure et al.
2006), yet differ in the membrane composition which initiates the uptake, the nature of
the cargo, the size of the vesicles generated, the mechanism of vesicle formation and
trafficking, the regulatory proteins/molecules involved, and the intracellular fate of the
macromolecules (Pouton, Wagstaff et al. 2007).

Endocytosis can be broadly classified into two categories: 1) Phagocytosis, the
ingestion of large particles by specialized mammalian cells, such as macrophages,
monocytes, and neutrophils (Conner and Schmid 2003), and 2) Pinocytosis, the uptake of
fluid and solutes that occurs in all cell types (Vercauteren, Vandenbroucke et al. 2009).
Although multiple different classification systems have been proposed to organize the

many, different pinocytic pathways, one of the prevailing schemes further subdivides
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pinocytosis into four general mechanisms: clathrin-mediated (CME), caveolae-
mediated, macropinocytosis, and clathrin- and caveolae- independent endocytosis
(Figure 2.1). Of these pinocytic pathways, clathrin- and caveolae- mediated endocytosis,
along with macropinocytosis (Khalil, Kogure et al. 2006), have demonstrated roles in
DNA uptake of different non-viral gene delivery vehicles (Rejman, Conese et al. 2006;
Wong, Scales et al. 2007) . Since phagocytosis only occurs in specialized cells, it will not
be discussed here. Clathrin- and caveolae- independent endocytosis will be touched
upon briefly whereas the better characterized macropinocytic, clathrin-mediated, and

caveolae-mediated pathways will be covered in greater depth.

2.4.1 Clathrin-mediated endocytosis

Clathrin-mediated endocytosis (CME) is the most well-characterized endocytic
pathway and exists in all mammalian cells to perform critical functions such as
regulation of signal transduction by controlling the membrane expression of signaling
receptors and uptake of essential nutrients and growth factors such as cholesterol-
carrying low density lipoprotein (LDL), iron-bound transferrin (Tfn), and epidermal
growth factor (EGF) (Khalil, Kogure et al. 2006) .

Clathrin-mediated endocytosis (CME) is initiated upon binding of ligands to
their specific transmembrane surface receptors, causing these ligand-receptor complexes

to migrate towards and cluster within clathrin-coated pits (CCP) on the membrane. A
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CCP complex is comprised of the assembly of three major proteins: clathrin, adaptor
protein complex 2 (AP2), and dynamin. Clathrin is the main scaffolding protein with a
triskelion (three-legged) structure composed of three heavy chains and three
corresponding light chains, to form a polygonal lattice that facilitate membrane
deformation/invagination and vesicle formation at these CCP sites. The AP2 complex is
responsible for directing the formation and organization of the clathrin lattice, as well as
mediating cargo selection and recruitment via different structural/functional domains.
This heterotetrameric complex consists of four distinct subunits, each with unique
functional roles. The a-adaptin subunit identifies and targets the AP2 complex towards
the sites of clathrin assembly on the membrane, the B-adaptin subunit interacts with
clathrin to direct its assembly, the p2-subunit interacts with internalization peptide
motifs of cargo-bearing transmembrane receptors, and the 62-subunit serves to stabilize
the whole assembly (Collins, McCoy et al. 2002; Conner and Schmid 2003). The GTPase
dynamin facilitates scission of invaginated vesicles from the membrane for clathrin-
mediated endocytosis, as well as caveolae-mediated and certain clathrin- and caveolae-
independent pathways(Mayor and Pagano 2007) (Hinshaw 2000). This large molecule is
recruited to invaginated clathrin-coated vesicles (CCVs) where it self-assembles to form
spiral collars around the necks of CCVs. Upon GTP hydrolysis, dynamin proceeds to

undergo conformational changes to generate pulling and/or twisting forces (Roux,
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Uyhazi et al. 2006) (Sweitzer and Hinshaw 1998) that constricts the necks of CCVs,
causing them to pinch off from the cell membrane.

Upon internalization, CCVs shed their clathrin coat to become early endosomes,
which subsequently fuse with other endosomal vesicles, late endosomes and ultimately
lysosomes for degradation (Doherty and McMahon 2009). Depending on the nature of
the cargo within endosomes, its contents may alternatively be sorted to other
intracellular destinations, such as the nucleus and Golgi apparatus or recycled back to

the cell membrane (Khalil, Kogure et al. 2006).

2.4.2 Caveolae-mediated endocytosis

Caveolae are 50-80nm diameter flask-shaped invaginations of the plasma
membrane at hydrophobic, detergent-resistant microdomains (commonly referred to as
‘lipid rafts’) on the cell surface that are enriched with cholesterol, glycosphinolipids,
signaling proteins, and membrane transporters (Mayor and Pagano 2007). It is
speculated that these rafts serves as a means of organizing and concentrating signaling
molecules and membrane receptors to be internalized via similar endocytic pathways to
similar intracellular destinations (Kurzchalia and Parton 1999). Caveolae-mediated
endocytosis is one of several clathrin-independent pathways that associates/initiates at
these lipid microdomains. Other raft domain-associated pathways are classified as

clathrin- and caveolae- independent pathways and covered in the Section 2.4.4.
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These membrane invaginations derive their name from the integral membrane
protein caveolin that line their inner surfaces to establish their unique shape and
structure. Caveolin-1, caveolin-2, and caveolin-3 (CAV1, CAV2, and CAV3,
respectively) constitute the caveolin family of dimeric and multimeric proteins (Monier,
Parton et al. 1995) that bind cholesterol and orients themselves along the plasma
membrane with hydrophobic domains that embed within the inner membrane leaflet
and both N- and C- termini protruding into the cytosol. Once aligned, they interlock
with adjacent caveolins to form a protein coat around the caveolae (Conner and Schmid
2003).

Fluorescent caveolin 1-GFP fusion protein and FRAP (fluorescence recovery after
photobleaching) studies (Thomsen, Roepstorff et al. 2002; Tagawa, Mezzacasa et al.
2005) have shown most of these caveolae structures to be relatively immobilized at the
plasma membrane unless induced or stimulated (Parton, Joggerst et al. 1994; Sharma,
Brown et al. 2004) to internalize, usually by ligand binding of receptors within the
caveolae. One such ligand that is internalized almost exclusively by caveolae as its
means of infection is simian virus 40 (5V40), making it an attractive tool for elucidating
the intracellular processing and sorting of caveolae-dependent endocytosis (Chen and
Norkin 1999; Pelkmans, Kartenbeck et al. 2001). Upon binding of this model substrate to
multiple caveolae-associated membrane receptors, a signal cascade of events is initiated,

which includes local cortical actin depolymerization, dynamin recruitment for vesicle
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fission and formation of actin tails from the caveolae (Pelkmans, Puntener et al. 2002).
This ultimately results in scission of the cargo-carrying caveolar vesicle from the cell
membrane and migration into the cell. Depending on the nature of the cargo, the
contents of the caveolar vesicle is subsequently sorted to early endosomes or to an
intermediate intracellular organelle called a cavesome before arriving at their ultimate
destinations at the endoplasmic reticulum (ER) or Golgi apparatus (Pelkmans and
Helenius 2002; Pelkmans, Burli et al. 2004; Doherty and McMahon 2009). Caveosomes
are structures exclusive to caveolar endocytosis, as they do not accrue ligand markers of
other endocytic pathways(Kartenbeck, Stukenbrok et al. 1989; Pelkmans, Kartenbeck et
al. 2001), and are distinguished by their caveolin-1 content, neutral pH, and
glycosphingolipid- and cholesterol- rich membrane composition. Due to its neutral pH
conditions, avoidance of a lysosomal degradative fate, and final destinations at the ER
and Golgi complex, caveolae-dependent endocytosis is the preferred entry route for
many viruses (Werling, Hope et al. 1999; Campbell, Crowe et al. 2001; Marjomaki,
Pietiainen et al. 2002) and the targeted pathway for many gene delivery vehicles

(Kirkham and Parton 2005).

2.4.3 Macropinocytosis

Macropinocytosis is a bulk-fluid and nonselective form of endocytosis that

entails the formation of large vesicles of up to 5 pm in diameter (Swanson and Watts
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1995) known as macropinosomes, usually at ruffling membrane domains. Certain cell
types exhibit constitutive macropinocytosis whereas others only exhibit this activity
upon stimulation by growth factors and other signals(Nichols and Lippincott-Schwartz
2001). This process is initiated by membrane ruffling, in which actin polymerization at
certain sites along the cell membrane proceeds in a linear, radial fashion causing the
outward projection of membrane protrusions. These protrusions will often recede back
into the cytoplasm but may also collapse around a region of extracellular fluid and fuse
with the plasma membane around this region to form macropinosomes (Swanson and
Watts 1995) (Doherty and McMahon 2009).

Unlike clathrin-mediated and caveolae-mediated endocytosis, macropinocytosis
has no associated protein coat formation and does not concentrate membrane receptors,
and much is still unknown about its regulatory process. However, it has been observed
that macropinocytosis and membrane ruffles, occurs at unique membrane domains rich
in cholesterol, glycosphingolipids, glycosyl phophatidlinositol-linked proteins, and
membrane proteins. Fission and internalization of macropinosomes do not require
dynamin and the intracellular fate of these vesicles seem to depend on the cell type,
leading to lysosomal degradation in macrophages (Meier and Greber 2003) and
membrane recycling in human A431 cells (Swanson and Watts 1995). Macropinocytosis
has been targeted as an attractive internalization route for gene delivery due to such

advantageous characteristics as non-selective uptake of large macromolecules, a
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relatively ‘leaky’ nature that is conducive to endosomal escape (Meier, Boucke et al.

2002; Wadia, Stan et al. 2004), and a non-degradative fate by avoiding the lysosomes.

2.4.4 Clathrin- and caveolae- independent endocytosis

Caveolae represents just one of several lipid microdomain-associated, clathrin-
independent endocytic pathways. Caveolae- and clathrin- independent endocytosis is
most likely composed of several different pathways that are both dynamin-dependent
and -independent and which have been implicated in the internalization of extracellular
fluid, cholera toxin B (CTxB), sphingolipids, GPI-linked proteins, and IL-2 (interleukin-
2) receptors (Doherty and McMahon 2009). These pathways have been revealed by a
process of exclusion in cells depleted of both clathrin- and caveolin- associated events
and hence, are described only in negative terms(Conner and Schmid 2003; Doherty and
McMahon 2009). Since these pathways have not yet all been discovered or well
characterized, the mechanisms that govern vesicle formation, cargo recruitment,
intracellular sorting and cellular destination for each of these pathways still remain

poorly understood.
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Chapter 3

Membrane Binding of Plasmid DNA and Endocytic
Pathways Are Involved in Electrotransfection of
Mammalian Cells

3.1 Introduction

Pulsed electric field has been widely used for many years for improving gene
delivery into cells both in vitro (Neumann, Schaefer-Ridder et al. 1982; Wolf, Rols et al.
1994) and in vivo (Heller, Jaroszeski et al. 1996; Nishi, Yoshizato et al. 1996; Aihara and
Miyazaki 1998; Rols, Delteil et al. 1998; Mir, Bureau et al. 1999; Wells, Li et al. 2000; Lohr,
Lo et al. 2001; Heller and Heller 2006). The technique is considered to rely on transient
permeabilization of the plasma membrane of cells at hyperpolarized and depolarized
poles facing the anode and cathode (Teissie, Golzio et al. 2005; Krassowska and Filev
2007), respectively, to allow polyanionic plasmid DNA (pDNA) to enter cells through
permeabilized membrane facing the cathode. Several different terms have been used to
describe the technique, including electroporation, electropermeabilization, electrogene
transfer, gene electroinjection, and electrotransfection (Henshaw and Yuan 2008). These
alternative terms are referred to as electrotransfection in this paper. Despite its

numerous applications in biology, the main disadvantage of this technique, compared to
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other gene delivery methods, is the difficulty in controlling its efficiency, which can vary
by several orders of magnitude under different experimental conditions and electric
tield parameters. The optimization of cell transfection proceeds primarily by trial and
error because of the poor understanding of the mechanisms governing
electrotransfection.

It has been widely accepted that electrotransfection is dependent upon the
phenomenon known as electroporation, whereby transient, hydrophilic pores are
generated in the plasma membrane when the electric field-induced transmembrane
potential difference exceeds a certain threshold level (200 - 1000 mV) (Weaver and
Chizmadzhev 1996). Cell-impermeant molecules are then transported through these
pores via mechanisms that may include diffusion (Michel, Elgizoli et al. 1988),
electrophoresis (Mir, Bureau et al. 1999), and electroosmosis (Dimitrov and Sowers
1990). These mechanisms are likely to apply for delivery of small molecules but have yet
to be shown to facilitate DNA transport across the membrane (Dimitrov and Sowers
1990; Weaver 1993; Prausnitz, Corbett et al. 1995; Bier, Hammer et al. 1999; Teissie,
Golzio et al. 2005; Henshaw and Yuan 2008; Zaharoff, Henshaw et al. 2008; Haberl,
Miklavcic et al. 2010). More recently, 