
Cell-Specific Targeting Strategies for Electroporation-Mediated
Gene Delivery in Cells and Animals

David A. Dean

Received: 19 December 2012 / Accepted: 8 March 2013 / Published online: 24 March 2013

� Springer Science+Business Media New York 2013

Abstract The use of electroporation to facilitate gene

transfer is an extremely powerful and useful method for

both in vitro and in vivo applications. One of its great

strengths is that it induces functional destabilization and

permeabilization of cell membranes throughout a tissue

leading to widespread gene transfer to multiple cells and

cell types within the electric field. While this is a strength,

it can also be a limitation in terms of cell-specific gene

delivery. The ability to restrict gene delivery and expres-

sion to particular cell types is of paramount importance for

many types of gene therapy, since ectopic expression of a

transgene could lead to deleterious host inflammatory

responses or dysregulation of normal cellular functions. At

present, there are relatively few ways to obtain cell-specific

targeting of nonviral vectors, molecular probes, small

molecules, and imaging agents. We have developed a novel

means of restricting gene delivery to desired cell types

based on the ability to control the transport of plasmids into

the nuclei of desired cell types. In this article, we discuss

the mechanisms of this approach and several applications

in living animals to demonstrate the benefits of the com-

bination of electroporation and selective nuclear import of

plasmids for cell-specific gene delivery.

Keywords Electroporation � Gene delivery � Nuclear

import � Nucleus � Trafficking � Transfection

Electroporation uses electrical fields to create transient

pores in the cell membrane that allow the entry of normally

impermeable macromolecules into the cytoplasm (Escoffre

et al. 2009). While this technique is used most commonly

to transfer DNA to bacteria, yeast, and mammalian cells in

culture, it also can be applied very effectively to living

animals. In most animal studies, electroporation causes

anywhere from a 20- to a 1,000-fold increase in gene

expression compared to DNA injection alone in normal

tissues such as skin, liver, and muscle, as well as in a

variety of tumors (Cemazar et al. 2009; Heller et al. 2000;

Lin et al. 2012; Wells et al. 2000). We and others have

adapted this technique for use in the vasculature (Martin

et al. 2000; Young et al. 2003; Young et al. 2008), cornea

(Blair-Parks et al. 2002), lung (Dean et al. 2003; Machado-

Aranda et al. 2005; Mutlu et al. 2007; Zhou et al. 2007),

heart (Aistrup et al. 2009; Hargrave et al. 2013; Marshall

et al. 2010), skin (Heller et al. 2002, 2010), skeletal muscle

(Mir et al. 1998, 1999), liver (Heller et al. 1996), intestine,

kidney, and prostate (Dean, unpublished), among other

organs. The procedure is rapid, safe, and reproducible.

Perhaps most exciting about this approach is that DNA is

delivered to multiple cell layers throughout the tissue, even

when the DNA is not injected into the tissue. Thus, when

we bathe an organ such as the kidney in plasmid solution

and apply the electric field, gene expression of the trans-

ferred transgene can be detected throughout the kidney and

is not obstructed by the capsule. Similarly, when we deliver

plasmid to the lungs via the airways, gene expression is

detected in multiple cell layers throughout the lung, while

delivery of DNA via the vasculature and subsequent

application of electric fields to the lung results in a similar

distribution of gene expression.

While such universal gene delivery and expression can

be extremely useful in many situations, it may also be a
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limitation in others. There are many circumstances in

which gene delivery and/or expression is desired in a

unique cell type within a tissue and where ubiquitous

expression may actually be detrimental. One such example

would be in the case of cytostatic gene transfer or suicide

gene transfer to treat tumors. Thus, the ability to restrict

gene delivery and expression becomes vital in many

applications.

Cell-Specific Targeting of Genes

At present there are only four methods to limit delivery/

expression of genes to specific cell types and tissues. The

first is by physical delivery to a desired target organ. For

example, in the case of systemic delivery of DNA-con-

taining liposomes via the circulation, endothelial cells are

predominantly transduced (and primarily those of the lung

and liver microvasculature), while delivery of drugs to the

airways results in delivery only to airway and alveolar

epithelial cells. Thus, the only ‘‘specificity’’ appears to be

accessibility of the vector to the cells (Young and Dean

2002). In terms of electroporation-mediated gene delivery,

another example would be the intersection of administered

DNA and the applied electric field. For example, if DNA is

injected into the dermal layer of the skin, and needle elec-

trodes are inserted into this layer, the majority of gene

transfer will be here. Conversely, if DNA is injected

superficially into the epidermis and nonpenetrating elec-

trodes are placed on the skin, then very little gene transfer

will take place in the dermis. The second method is based on

pulsing parameters and sizes, shapes, and composition of

specific cells. For example, it is well known that larger cells

are permeabilized at lower field strengths than smaller cells

and that cell shape is extremely important in the way in

which the cell responds to the electric field (Valic et al.

2003). Thus, it is possible to electroporate specific cells

within a tissue if they are sufficiently different in size than

other cells within the tissue. One example of this was shown

for adipocytes in mouse adipose tissue. Since lipid-laden

adipocytes are much larger ([fivefold) than other cells in

adipose tissue, they can be electroporated preferentially.

Indeed, when a series of seven 20 ms pulses at 0.5 kV/cm

were administered to suprascapular white adipose tissue in

mice, 99 % of cells expressing the delivered transgene were

adipocytes, which made up only 16 % of the cells within the

tissue (Granneman et al. 2004). The third method is to

incorporate ligands or antibodies for cell surface receptors

that are expressed preferentially on one or more cell type.

One example of this is to attach RGD peptides to liposomes,

polymers, or viral capsids to target to avb3 integrins which

are overexpressed on activated endothelial cells during

tumor-induced angiogenesis (Temming et al. 2005).

However, avb3 is expressed at lesser levels on all endo-

thelial cells and many other cell types as well, indicating

that this approach is not always as ‘‘cell-specific’’ as one

would hope. The fourth, and most stringent, way to limit

expression (but not drug delivery) that has been used is to

employ cell-specific promoters to drive transcription in

desired cell types. While this approach works well, it is not

always perfect, since some promoters that are thought to be

cell-specific based on experiments in cultured cells, may

show more promiscuous expression in animals, as is clear to

anyone who has tried to generate tissue-specific transgenic

or conditional knockout mice.

Over the past several years, we have developed a new

approach for cell-specific delivery of nonviral DNA-based

vectors based on our elucidation of the mechanisms of

plasmid DNA nuclear import. We have shown that the

nuclear localization of plasmids in the absence of cell

division is sequence-specific and requires transcription

factors that bind to these sequences in the cytoplasm and

facilitate the DNA–protein complex nuclear import.

Moreover, we have identified several DNA sequences that

mediate cell-specific DNA nuclear import based on the fact

that they bind to cell-specific transcription factors present

in these cell types. Using these DNA sequences, we have

been able to direct gene delivery and expression to desired

cell types in vitro and in living animals, using electropor-

ation as our delivery method.

Nuclear Import of DNA

Numerous groups have demonstrated that plasmids can enter

nuclei through nuclear pore complexes (NPCs) in the

absence of cell division, although the efficiency of such

transfection is usually much lower than in dividing cells

(Dean 1997; Dowty et al. 1995; Vacik et al. 1999). More-

over, certain DNA sequences can increase this nuclear tar-

geting of plasmids prior to mitosis. We and others have

shown that nuclear import of plasmid DNA through the NPC

is a sequence-specific process, mediated by specific

eukaryotic sequence elements (Dean 1997). When delivered

side-by-side, plasmids containing as little as 72 bp of the

SV40 enhancer target to the nucleus of most cells within

several hours whereas an isogenic plasmid lacking this 72 bp

sequence remains cytoplasmic until cell division (or indefi-

nitely if the cell is nondividing) or eventual degradation in

the cytoplasm (Fig. 1) (Dean 1997; Dean et al. 1999). This

sequence, termed the SV40 DNA nuclear targeting sequence

(DTS), has been shown to mediate plasmid nuclear import in

all cell lines tested, including primary cells derived from

monkey, rat, mouse, hamster, chicken, and human origin, as

well as in vivo (Blomberg et al. 2002; Sacramento et al.

2010; Young et al. 2003, 2008). A major strength of many of
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these and other DTSs is that endogenously expressed pro-

teins are used to coat transfected plasmid vectors with the

NLSs required for import.

The defining feature of the SV40 DTS is that it contains

binding sites for a number of ubiquitously expressed

mammalian transcription factors (AP1, AP2, NF-jB, Oct1,

TEF-1). Since transcription factors function in the nucleus,

they contain NLSs for their nuclear importation. Under

normal conditions, these factors would be transported into

the nucleus after translation or in a regulated manner when

signals activate transcription (e.g., TNF-a stimulation of

NF-jB). In either case, a significant cytoplasmic pool of

these factors exists at any given time. When plasmids

carrying the SV40 DTS are delivered into the cytoplasm by

any method, some of these transcription factors can bind to

the DTS thereby coating a region of the plasmid with

NLSs, at least some of which are oriented away from the

DNA itself. These DNA-bound NLSs can be recognized by

importin b and transported into the nucleus via the NPC

(Fig. 1) (Dean 1997; Dowty et al. 1995; Wilson et al.

1999). Since the function of the DTS is mediated by

binding of NLS-containing transcription factors, it would

seem that any eukaryotic promoter or enhancer could

function similarly for DNA nuclear import. Surprisingly,

this is not the case and although half a dozen or so DNA

nuclear targeting sequences have been identified, most

promoters and enhancers, including the CMV immediate

early promoter/enhancer, the Herpes TK promoter, and the

RSV LTR have no import activity (Dean et al. 1999). The

likely explanation for this is that the transcription factors

bound to these other promoters may not present their NLSs

in an orientation that is accessible to the importins.

Cell-specific DNA Nuclear Import Sequences

In the search for additional DNA nuclear targeting

sequences, several DNA sequences were identified that

promoted plasmid nuclear import in unique cell types.

Since the expression of cell-specific promoters are

restricted to specific cells due to the presence of a unique

set of transcription factors present in those cells only, by

screening promoters that are transcriptionally active only in

a desired cell type, it could be possible to pull out

sequences that also function for cell specific nuclear import

(Fig. 2) (Miller and Dean 2009). To date, such sequences

that act in osteoblasts (Dean et al. 2006), endothelial cells

(Dean 2002), alveolar type II epithelial cells (DeGiulio and

Dean 2006) smooth muscle cells (Vacik et al. 1999; Young

et al. 2008), and embryonic stem cells (Funabashi et al.

2010) have been identified. The best studied of these is the

smooth muscle-specific DTS in which as little as 176 bp of

the smooth muscle gamma actin (SMGA) promoter can

drive nuclear import of plasmids in airway or vascular

smooth muscle cells but not in other cell types. We have

shown that two transcription factors that are preferentially

coexpressed in smooth muscle, Nkx3.1/3.2 and SRF, are

both necessary and sufficient for DNA nuclear uptake in

these cells (Miller and Dean 2008; Vacik et al. 1999).

When the binding sites for these factors were mutated

within the SMGA promoter, plasmids containing the

mutant DTS remained in the cytoplasm of microinjected

cells (Fig. 3). Similarly, when Nkx3.1/3.2 and SRF were

silenced in smooth muscle cells through the use of siRNA,

nuclear import of plasmids carrying the wild type SMGA

promoter was abolished, again showing that these factors

are necessary for DNA nuclear import (Miller and Dean

2008). Sufficiency of these two transcription factors alone

was shown by expressing the factors in bacteria, com-

plexing the purified proteins with SMGA DTS plasmids

prior to cytoplasmic microinjection, and obtaining nuclear

import in non–smooth muscle cells that do not normally

express these factors (Miller and Dean 2008).

A second example of a cell-specific DTS that we have

identified is the SP-C promoter which mediates DNA

nuclear import in type II alveolar epithelial cells only

Fig. 1 Protein-mediated plasmid nuclear import. Transcription fac-

tors and other nuclear proteins normally enter the nucleus through the

interactions between their NLSs and importin family members.

However, if plasmids containing certain sequences that act as

scaffolds for transcription factors and other DNA binding proteins

(termed DTS, or DNA nuclear targeting sequences) are deposited into

the cytoplasm during transfection, they can form complexes with

these proteins, thereby attaching NLSs to the DNA. Some, but not all,

of these NLSs may be in a conformation able to interact with

importins for transport of the DNA–protein complex into the nucleus

through the nuclear pore complex
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(Degiulio et al. 2010). Six promoters that were reported in

the literature to be specifically expressed (or highly enri-

ched) in type II alveolar epithelial cells were cloned and

tested for nuclear import activity. While 318 bp of the

SP-C promoter showed nuclear import activity in type II

cell lines, neither the SP-A, SP-B, SP-D, nor the cytoker-

atin 8 promoter had any import activity (Fig. 4). Further,

the SP-C promoter showed nuclear import activity only in

type II cells and cell lines, but in no other cell types,

including epithelial cells from several different tissues

(Fig. 4). As for the SMGA DTS, we identified the tran-

scription factor binding sites that are necessary for nuclear

import of the SPC DTS and found that multiple factors,

including NF1, GATA-6, and TTF-1 are required for DNA

nuclear import (Degiulio et al. 2010).

DNA Nuclear Targeting Sequences Direct Plasmid

Nuclear Import in Living Animals

While such DNA sequences can be of utility for gene

delivery in isolated cells, they would be much more use

for cell-specific gene delivery in animals where multiple

cell types coexist within any given tissue or organ. To

determine the effects DNA nuclear targeting sequences on

gene transfer and expression in vivo, we electroporated

rat mesenteric blood vessels with isogenic plasmids that

either contained or lacked the 72 bp SV40 sequence and

expressed a reporter gene from the CMV promoter (which

does not promote DNA nuclear import). When these

plasmids are transfected into dividing populations of cells,

they express their gene products at the same level (Dean

et al. 1999). Vessels were electroporated with equal

concentrations of either pCMV-GFP-DTS or pCMV-GFP

and collected 3 days after transfer. A series of 8 square

wave pulses were delivered, each of which was 10 ms in

duration at a field strength of 200 V/cm and separated by

1-s intervals. As can be seen, plasmids carrying a nuclear

targeting sequence gave high level expression, whereas

those lacking a plasmid nuclear import sequence showed

very little expression (Fig. 5) (Young et al. 2003). When

a similar experiment was performed with luciferase-

expressing plasmids, there was a 20-fold difference in

levels of gene expression at day 2. We and others have

obtained similar results in murine skeletal muscle by

direct DNA injection with or without electroporation,

confirming the universal activity of the SV40 DTS

(Blomberg et al. 2002; Li et al. 2001). Further, by fol-

lowing DNA nuclear localization by in situ hybridization

in rat mesenteric vessels, we have shown that the

increased expression is due to increased nuclear targeting

of the DNA (Young et al. 2003). Thus, DNA nuclear

import sequences function in microinjected cells, trans-

fected cells, and living animals.

Fig. 2 Model for cell-specific DNA nuclear import. Certain DNA

nuclear targeting sequences have been shown to act in cell-restricted

manners. In the case of certain ‘‘cell type X’’ promoters, which act as

cell type X-specific DTSs, we propose that the cell-specific

transcription factors, TF-X1 and TF-X2, form complexes with the

plasmid leading to an importin-recognizable complex that can be

localized to the nucleus. By contrast, in all other cell types that do not

express one or the other of these factors, an importin-binding complex

is not formed, leading to greatly reduced nuclear import. We have

shown that this model is valid in smooth muscle, alveolar epithelial

cells, and osteoblast examples
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Cell-specific DNA nuclear import sequences also show

cell-specificity in vivo. To determine whether the SMGA

promoter mediates nuclear import in vivo as it does in

cultured cells, we electroporated rat mesenteric vessels,

using the same conditions as above, with a plasmid

expressing GFP (driven from the CMV promoter) and

containing the SMGA DTS downstream of the GFP gene

and 2 days later stained for expression in thin sections

(Fig. 5). Intact vessels receiving the pCMV-GFP-SMGA

plasmid expressed GFP and in thin sections, GFP

Fig. 3 SMGA promoter acts as

a cell-specific DTS in smooth

muscle cells. a Cartoon of the

SMGA promoter showing

binding sites for various

transcription factors. b Model

for cell-specific DNA nuclear

transport. In smooth muscle

cells, the SMGA DTS binds

transcription factors that are

specific to smooth muscle cells,

thus forming an import

competent complex. c CV1

cells, an epithelial cell line, and

primary human vascular smooth

muscle cells, were

cytoplasmically microinjected

with plasmids carrying either

the SV40 DTS or the SMGA

DTS and the location of the

plasmids was determined 8 h

later by in situ hybridization

Fig. 4 The SP-C promoter mediates cell-specific DNA nuclear

import in alveolar epithelial cells. a A549 cells were cytoplasmically

injected with plasmids containing the indicated promoters. Eight

hours later, the location of the DNA was detected by in situ

hybridization (green). Between 500 and 1,000 cells were injected and

analyzed for each DNA. b Plasmids containing the SPC promoter

were injected into the cytoplasm of the indicated cells, and 8 h later

the location of the DNA was detected by in situ hybridization (green).

Between 300 and 500 cells of each type were injected and analyzed

(Degiulio et al. 2010)
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expression was restricted to the smooth muscle layer of the

vessels; no expression in the adventitial cells or endothelial

cells was evident (Young et al. 2008). Studies using in situ

hybridization to detect transferred DNA clearly showed

that the SMGA DTS was able to drive nuclear accumula-

tion of plasmids in smooth muscle cells, but not in other

cell types, demonstrating that the restriction of gene

expression to smooth muscle cells was due to preferential

nuclear uptake of the plasmids in these cells. These results

clearly demonstrate that the SMGA promoter can be used

to target plasmids to the nucleus of smooth muscle cells in

the vasculature, but no other cells in the vessel wall.

Similar results have also been seen with other cell-

specific DTS in the lung. When similar reporter constructs

expressing GFP and containing the SP-C DTS downstream

of the transgene were electroporated into the lungs of mice,

we detected GFP gene expression specifically in type II

pneumocytes (identified by immunofluorescent colocal-

ization with lamellar body protein LB180) in the absence

of cell division (identified by a lack of BrdU incorpora-

tion). As for mesenteric vessels, the electroporation

conditions were the same: 8 pulses at 200 V/cm and 10 ms

duration. By contrast, the SV40 DTS that acts in all cell

types to promote DNA nuclear uptake, causes gene deliv-

ery and expression in multiple cell types throughout the

lung, including type I and type II alveolar epithelial cells,

airway epithelial cells, vascular and airway smooth muscle

cells, fibroblasts, and endothelial cells. Thus, the SPC DTS

directs gene transfer preferentially to type II cells and in

conjunction with electroporation-mediated gene delivery, a

similar cell-specific DTS-based approach can be used to

deliver genes to any specific cell type.

The one caveat to the use of this cell-specific DTS

strategy is that the DTS only works as anticipated in cells

that are not dividing. When the cell goes through mitosis,

the nuclear envelope breaks down and reassembles after

cell division. Thus, any plasmid that is in the cytoplasm

during mitosis is no longer prevented from entering the

nuclear space and when cell division is finished, plasmids

wind up being trapped within the new nuclear space. In this

case, a DTS is not required for nuclear uptake. Indeed,

when actively dividing populations of cells are transfected

with plasmids that contain or lack a DTS (either the SV40

or a cell-specific one), there is no difference in transfection

efficiency between the plasmids; all plasmids can enter the

nucleus equally. However, when the same plasmids are

used to transfect growth-arrested cells, only plasmids

containing a DTS lead to efficient gene transfer (Vacik

et al. 1999; van Gaal et al. 2011). The same is seen in

animals: if the tissues are actively dividing, the presence of

a DTS does not provide any advantage. To demonstrate

this, we carried out angioplasty on the rat carotid artery

using a 2F catheter. This technique denudes endothelial

cells from the artery and causes a rapid proliferation of

both vascular smooth muscle cells and the remaining

endothelial cells. When plasmids that express luciferase

from the CMV promoter (which does not act as a DTS and

cannot cause DNA nuclear import) were electroporated

Fig. 5 SMGA functions in vivo as a nuclear targeting sequence. Rat

mesenteric arteries were electroporated with pCMV-GFP-SMGA or

no DNA and 2 days later collected. GFP expression could be detected

directly in whole vessels. Cryosections were immunostained with

anti-GFP (green) or anti-SMA (red) and reacted with DAPI. Paraffin

sections were immunostained with anti-GFP antibodies and visualized

with VectaRed or stained with hematoxylin and eosin. In both types

of thin sections (vessels from different animals), GFP expression was

restricted to the smooth muscle layer (Young et al. 2008)

Fig. 6 DNA nuclear targeting sequences work only in the absence of

cell division. Plasmids were transferred to undisturbed rat mesenteric

vessels (left) or rat carotids that had undergone angioplasty imme-

diately prior to gene delivery and gene expression was measured

2 days later
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into the vessels at the time of injury (8 pulses at 200 V/cm,

10 ms each) and assayed for gene expression three days

later, no difference in levels of gene expression were seen

with plasmids carrying or lacking an SV40 DTS (Fig. 6).

By contrast, when the same plasmids were delivered by

electroporation into nondividing mesenteric arteries, the

plasmid carrying the SV40 DTS showed almost 50-fold

more expression compared to the plasmid lacking the

sequence (Young et al. 2003). However, taken together,

these results clearly demonstrate the utility of controlling

DNA nuclear import as a means to controlling gene

delivery in nondividing tissues in vivo.

Summary

The ability to restrict gene delivery and expression to par-

ticular cell types is of paramount importance for many types

of gene therapy, since ectopic expression of a transgene

could lead to deleterious host inflammatory responses or

dysregulation of normal cellular functions. Coupling the

high efficiency of electroporation for gene delivery and its

ability to permeabilize multiple cell types within a treated

tissue with the use of DNA nuclear targeting sequences

contained within the transferred plasmids offers a new way

to attain this goal. Since many of the DTS’s identified to

date are derived from cell-specific promoters, this raises the

possibility of using these promoters to drive cell-specific

nuclear import of the plasmids as well as directing cell-

specific transcription of the delivered gene. By placing the

promoter/DTS upstream of the transgene, both transcription

and nuclear import can be controlled, thus ensuring cell

specificity at two levels. Taken together, this approach may

see great use in the future of gene therapy.
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