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Abstract

Using the lipofection reagent LipofectAMINE 2000 we have examined the delivery of plasmid DNA (5-200 kb) to mouse embryonic stem
(mES) cells by flow cytometry. To follow the physical uptake of lipoplexes we labeled DNA molecules with the fluorescent dye TOTO-1. In
parallel, expression of an EGFP reporter cassette in constructs of different sizes was used as a measure of nuclear delivery. The cellular uptake of
DNA lipoplexes is dependent on the uptake competence of mES cells, but it is largely independent of DNA size. In contrast, nuclear delivery was
reduced with increasing plasmid size. In addition, linear DNA is transfected with lower efficiency than circular DNA. Inefficient cytoplasmic
trafficking appears to be the main limitation in the nonviral delivery of large DNA constructs to the nucleus of mES cells. Overcoming this
limitation should greatly facilitate functional studies with large genomic fragments in embryonic stem cells.

© 2007 Elsevier Inc. All rights reserved.
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With the completion of the sequencing of the human ge-
nome, most genes are now available in fully sequenced bacterial
artificial chromosome (BAC) vectors [1-3]. The combination
of BAC library technology and the complete human genome
sequence has enabled the isolation of BACs containing the loci
for any gene of interest, providing convenient experimental
access to large genomic sequences. Complementary technolo-
gies, such as bacterial homologous recombination, allow
precise genetic alterations to be made, such as point mutations
[4—8] or reporter gene insertion. BAC-based reporter constructs
provide reliable recapitulation of endogenous gene expression
patterns in cellular and transgenic models [7—11]. Moreover,
due to the inclusion of large tracts of surrounding chromosomal
sequences, BAC loci are isolated from positional effects on
gene expression when integrated into a host genome. However,
the large size of these DNA constructs, which renders them
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vulnerable to breakage and more difficult to purify, has pro-
vided additional challenges to their implementation as experi-
mental or therapeutic materials. One of these challenges is the
inefficient transfection of large DNA constructs.

A number of strategies have been developed for the intro-
duction of DNA molecules to cells. Physical methods such as
electroporation [12—14], ballistic delivery [15,16], and hydro-
dynamic pressure [17] enable direct access to the cytoplasm by
transiently disrupting the integrity of the plasma membrane. On
the other hand, viruses have evolved targeted entry mechanisms
exploiting existing endocytic processes [18], which have been
utilized in viral DNA delivery systems. In particular the
lentiviral and adenoviral delivery systems have been shown to
be highly efficient means of introducing exogenous DNA
molecules into cells. However, there are significant safety issues
involved in the use of viral technologies, and synthetic DNA
delivery systems have been developed in an effort to address
these issues.

Lipofection has emerged as a promising method for nonviral
DNA delivery. Cationic lipids interact with DNA to form
encapsulated lipoplexes, which are taken up at high efficiency
by many cell types, both in vitro [19-22] and in vivo [23,24].
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Lipoplexes gain access to the cell interior by binding to cell
surface proteoglycans and cadherins [23,25,26], followed by
adsorptive endocytosis. The endocytic pathway offers distinct
advantages for the nonviral delivery of DNA to eukaryote cells.
Endosome trafficking can facilitate the movement of DNA
molecules toward the nucleus [27], overcoming diffusion
difficulties and offering protection from cytoplasmic nucleases.
However, the default pathway for endosomal trafficking is
lysosomal fusion, which results in the degradation of transfected
DNA by the exonuclease DNase II [28].

Endosomal maturation and lysosomal fusion are thought to
require dissociation and degradation of the transfection reagent.
Large and stable complexes or nonbiodegradable reagents
inhibit these processes, while small complexes or biodegradable
reagents are transported to the lysosomal compartment [28,29].
Electron and confocal microscopy studies have shown that
endosomes containing DMRIE-C/DOPE lipoplexes do not fuse
with lysosomes. Instead, these endosomes fuse with each other,
forming large vesicles in the perinuclear region. However, this
method did not result in detectable levels of DNA in the
cytoplasm or nucleus and DNA was still complexed with the
cationic lipid, suggesting that these lipoplexes remained trapped
in perinuclear vesicles [27]. It has been proposed that cationic
lipids interact with anionic lipids in the endosomal membrane,
causing them to flip-flop from the cytoplasmic-facing side to
form complexes with the transfection reagent. In turn, this
causes the displacement of DNA from the lipoplex and
facilitates its release into the cytosol [30]. However, an optimal
reagent formulation is likely to be crucial in promoting endo-
some escape by this mechanism [27].

Following endosome escape, transfected DNA molecules are
exposed to the hazardous, reducing environment of the cytoplasm.
The cytoplasmic environment is densely crowded, with 10—-15%
of the available volume occupied by macromolecules. DNA
fragments over 2 kb are essentially immobilized in the cytoplasm
with respect to free diffusion [31], suggesting that even small
DNA plasmids require active intracellular transport to reach the
nucleus. In this context, it is interesting that protamine, histones,
and other basic nuclear proteins have been reported to increase the
efficiency of transfection [32—34]. It is possible that interactions
between transfected DNA and nuclear-targeted DNA-binding
proteins (such as histones and transcription factors) that are
normally synthesized in the cytoplasm could result in the active
translocation of both species into the nucleus.

Nuclear delivery of transfected DNA molecules is greatly
enhanced in cells undergoing mitosis [35,36]. During cell
division, transfected DNA may be sequestered into the
reforming nuclear compartment through interactions with host
chromatin. In the absence of mitosis, nuclear delivery is thought
to involve the nuclear pore, which can accommodate particles
up to 26 nm in diameter [37]. Herpesviruses are known to thread
their large genomes through the nuclear pores by interacting
with host import machinery [38], and the inclusion of peptides
with nuclear localization signals in the DNA complex has been
shown to provide enhanced nuclear delivery of DNA molecules
[24,39], suggesting that nuclear import machinery may also be
targeted by modular, synthetic transfection vehicles.

In an effort to identify limiting factors, we have examined the
delivery of small and large DNA molecules to mouse embryonic
stem (mES) cells using flow cytometry. Transfection of mES
cells underpins all murine transgenic technologies, thus high-
efficiency DNA delivery methods are of significant interest to
researchers involved in the generation of transgenic and knockout
mouse lines. Lipofection of mES cells has the potential to replace
expensive microinjection techniques and has proven to be a
reasonable efficacious method for delivering large DNA
constructs [19,20]. However, lipofection of mES cells with
large constructs remains significantly impaired compared with
small plasmids, suggesting further improvements can be made.

To follow the physical uptake of DNA lipoplexes we have
employed the dimeric cyanine dye TOTO-1. This compound
forms highly fluorescent complexes with DNA [40] that
dissociate with a half-life of about 11 h, providing a convenient
approach to measure the physical uptake of DNA by flow
cytometry. Using this approach we have optimized conditions
for efficient lipoplex uptake and examined uptake across the
plasma membrane independent of nuclear delivery. We find that
under optimal conditions small and large DNA constructs are
taken up with equivalent efficiencies. However, lipoplex uptake
was limited by the proportion of uptake-competent mES cells,
which increased with exposure time. Furthermore, we find that
despite similar uptake efficiencies, nuclear delivery of BAC
molecules is severely compromised compared with small
plasmid molecules. This effect was observed using equivalent
mass or molar concentrations of different-sized constructs,
suggesting a cytoplasmic blockade to BAC transfection.

Results
Flow-cytometric analysis of mES transfection

Expression of a reporter gene, the standard method of
measuring transfection efficiency, reflects the overall effect of a
diverse number of cellular processes on transfected DNA, each of
which may be differentially affected by transfection parameters.
To follow the physical uptake of DNA molecules by mES cells
readily, independent of any requirements for gene expression, we
have employed the dimeric cyanine dye TOTO-1, which forms
highly fluorescent, stable complexes with DNA. Figs. la—c
illustrate the flow-cytometric profiles obtained from a typical
DNA uptake experiment. After 5 h of exposure to lipoplexes
containing labeled DNA, mES cells were trypsinized and
analyzed by flow cytometry. Fig. la shows a typical forward
scatter (FSC) versus side scatter (SSC) density plot obtained from
an mES cell transfection. The live single-cell population was
gated (R1) to exclude debris and cellular aggregates in the
suspension from the analysis. The gated population was then
analyzed on a FSC/FL1 density plot. Untransfected and vehicle-
only controls exhibited little autofluorescence, forming a single
FL1-negative population (Fig. 1b). Using these controls, thresh-
olds were set to include all untransfected cells in the lower right
quadrant. mES cells that had taken up TOTO-1-labeled DNA
formed a clearly distinguishable population in the upper right
quadrant (Fig. 1c), enabling rapid determination of uptake
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Fig. 1. Flow cytometry of mES cells. Lipofect AMINE 2000 was used to transfect mES cells with TOTO-1-labeled DNA. 5 h after addition of lipoplexes, cells were
trypsinized and analyzed by flow cytometry or confocal microscopy. (a) FSC vs SSC density plot of mES cells analyzed by flow cytometry. R1 indicates a typical gate
used to analyze live cell data. (b) FSC vs FL1 density plot showing gated untransfected cells. (¢c) FSC vs FL1 density plot showing cells transfected with TOTO-labeled
DNA (DNA:TOTO ratio of 50:1). (d and e) Confocal image stacks showing a cross section (d) as well as a focal plane corresponding to the cell surface (e). Scale bars

indicate 50 pm.

efficiency. To quantitate DNA uptake, mean FL1 values were
calculated for the upper right quadrant population.

We considered the possibility that TOTO-1-labeled DNA
attached to the cell surface would not be distinguishable by flow
cytometry from DNA that had gained access to the cell,
potentially confounding the cellular uptake measurement.
However, we reasoned that the stringent trypsinization used
during the analysis would likely be sufficient to remove
lipoplexes from the membrane surface. To explore this
possibility further, we examined transfected cells by confocal
microscopy. mES cells were transfected with TOTO-1-labeled
DNA, harvested by trypsinization, and then stained with
fluorescent probes for the plasma membrane (red) and the
nucleus (blue). Image stacks were then collected on a confocal
microscope. Fig. 1d shows a cluster of transfected cells, with the
TOTO-1 signal (green) clearly localized inside the cells.
Moreover, when we examined focal planes corresponding to
the cell surface, we observed no TOTO-1 labeling of the cell
exterior (Fig. le). These results confirm that surface-bound
lipoplexes were removed during the harvesting of transfected
cells and that the TOTO-1 signal observed by flow cytometry
reflects internalized DNA.

Lipoplex condensation

The efficiency of lipoplex condensation is the first limiting
step in lipofection, determining the proportion of input DNA
that becomes available for uptake. To identify conditions
promoting efficient lipoplex condensation the ratio of DNA to

Lipofect AMINE 2000 (LF2000) was varied during complex
formation.

Lipoplexes were formed at three different DNA:LF2000
ratios (1:2, 1:4, and 1:8) using a constant, limiting amount
(500 ng) of DNA and used to transfect mES cells. To follow
lipoplex uptake independent of nuclear delivery and gene
expression, DNA was prelabeled using the fluorescent dye
TOTO-1. As condensation dynamics may be altered with
increasing plasmid size, both small (6.6 kb) and large (200 kb)
DNA constructs were compared. After 5 h of lipoplex exposure,
cells were washed, trypsinized, and analyzed by flow cytometry.

For both small and large constructs, increasing LF2000
concentrations during lipoplex formation led to a greater
proportion of cells taking up DNA (Fig. 2a), suggesting the
production of greater numbers of lipoplexes. For the 6.6-kb
plasmid, we observed a trend toward lower DNA uptake per
cell with increasing LF2000 concentration (Fig. 2b). These
changes in DNA availability are consistent with a mode of
condensation in which excess LF2000 promotes the genera-
tion of greater numbers of lipoplexes with lowered DNA
content.

In contrast to lipoplexes formed with small plasmids,
increasing LF2000 concentration during the formation of
BAC lipoplexes resulted in increases in both the number of
cells taking up DNA and the DNA uptake per cell (Figs. 2a and
2b). As lipoplexes formed with BACs are thought to contain
single DNA molecules [41], the large size of these constructs
may preclude them from alterations in lipoplex copy number. In
this case, the generation of greater numbers of competent BAC
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Fig. 2. Effect of DNA:LF2000 ratio on lipoplex condensation. mES cells were transfected with 500 ng of DNA using LF2000. Three different DNA:LF2000 ratios
were compared: 1:2, 1:4, and 1:8. Mean values and standard error were calculated from three or four independent transfections. (a and b) Cellular uptake. mES cells
were transfected with either TOTO-1/pGETrec plasmid (6.6 kb) or TOTO-1/BAC265 DNA (200 kb). 5 h after the addition of lipoplexes, cells were trypsinized and
analyzed by flow cytometry. (a) The percentage of TOTO-1/DNA-positive cells was determined from FSC/FL1 density plots. (b) DNA uptake per cell was determined
from the mean peak fluorescence of the FL1" cell population. (¢ and d) Nuclear delivery. mES cells were transfected with either the pPEGFP-N22 plasmid (4.7 kb) or the
pEBAC148G BAC (200 kb) DNA. 5 h after lipoplex addition, the medium was changed and cells were cultured overnight. EGFP expression was analyzed by flow
cytometry at 24 h. (c) Transfection efficiency was determined using FSC/FL1 density plots. (d) EGFP expression per cell was determined from the mean peak

fluorescence of the FL1* population.

lipoplexes at higher LF2000 concentrations appears to lead to
more lipoplexes being taken up by individual cells.

In contrast with the cellular uptake data, the transfection
efficiency of a small (4.7 kb) CMV—-EGFP reporter plasmid
was optimal at a DNA:LF2000 ratio of 1:4. In addition, the
level of EGFP expression per cell decreased with increasing
LF2000 concentration (Figs. 2c and 2d), suggesting the
formation of lipoplexes with lower DNA content. Despite
similar cellular uptake of small and large constructs by mES
cells, transfection of a large (200 kb) construct containing a
CMV-EGFP reporter cassette was severely reduced com-
pared with the small plasmid. As a DNA:LF2000 ratio of
1:4 provided similar DNA uptake for both small and large
plasmids (Figs. 2c¢ and 2d), this ratio was used in further
experiments.

Lipoplex concentration

The relationship between an optimal lipoplex concentration
and the efficiency of cellular DNA uptake is a balance between
having enough DNA and having too many lipoplexes in the
culture. Insufficient concentrations of DNA will result in poor
transfection efficiencies, while an excess of lipoplexes will
compromise cell viability. To examine whether cellular uptake

could be increased by elevating the lipoplex concentration,
mES cells were transfected with increasing amounts of TOTO-
1-labeled pGETrec (6.6 kb) using LF2000 and analyzed after
5 h by flow cytometry (Figs. 3a and 3b).

At DNA concentrations below 1000 ng per well,
transfection efficiency was proportional to lipoplex concen-
tration for both small and large plasmids. However, increasing
DNA concentration from 1 to 4 pg per well resulted in no
further increase in the proportion of cells taking up DNA
(Fig. 3a and data not shown). In contrast, DNA uptake per
cell was proportional to lipoplex concentration for both small
and large constructs across all concentrations tested (Fig. 3b).
These data are consistent with the saturation of the mES cell
culture at 1 png DNA lipoplexes per well and suggest that
under the conditions used here a proportion of cells (30—50%)
are refractory to lipoplex uptake during their exposure to
lipoplexes.

Despite exhibiting similar saturation thresholds (1 pg
DNA), addition of BAC lipoplexes to mES cells resulted in a
lower proportion of cells (50%) taking up DNA than when
small plasmids were used (65%) (Fig. 3a). Since uptake
efficiency failed to increase to the levels achieved by small
plasmids with increasing BAC lipoplex concentrations, this
suggests that the uptake competence of mES cells may be
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Fig. 3. Effects of lipoplex concentration on transfection efficiency. (a and b) mES cells were exposed to lipoplexes containing 5-2000 ng of TOTO-1/pGETrec (6.7 kb)
or TOTO/BAC265 (200 kb) (DNA:LF2000 ratio of 1:4). DNA uptake was measured by flow cytometry after 5 h. (a) Cellular uptake efficiency and (b) MPFs were
averaged across four independent transfections. Error bars represent the SEM. (¢ and d) mES cells were transfected with 5-2000 ng of pEGFP-N22 (4.7 kb),
pEBAC160G (21 kb), or pPEBAC148G (200 kb). EGFP expression was measured by flow cytometry 24 h after transfection. (c) Mean transfection efficiency and (d)
MPFs were averaged across four independent transfections. Error bars indicate the SEM.

constrained by the amount of lipofection reagent used, rather
than the number of competent lipoplexes produced. In this
case, increasing LF2000 levels beyond 4 ng per well might
be expected to reduce uptake competence through toxicity
and/or the homeostatic mechanisms that protect mES cells
from toxic shock.

Transfection efficiencies were also measured as a function of
DNA concentration for three constructs of different sizes: the
4.7-kb pEGFP-N22 plasmid, the 19.5-kb pEBAC-160G BAC
vector, and the 200-kb 148G BAC. All of these constructs
contained a CMV—-EGFP reporter cassette. For all constructs
1 ng of DNA was sufficient to attain maximum transfection
efficiencies (Figs. 3¢ and 3d). Exposing mES cells to higher
concentrations of lipoplexes resulted in decreased transfection
efficiencies, which may reflect a decrease in mES cell viability at
high lipoplex concentrations. In support of this interpretation,
EGFP expression per cell was also decreased at concentrations
above 1 pg of DNA per well, suggesting a selection bias for the
survival of cells taking up fewer lipoplexes following transfec-
tion under these conditions.

As plasmid size increased, transfection efficiency dramati-
cally decreased (Fig. 3¢). This was correlated with a significantly
diminished level of EGFP expression per cell (Fig. 3d), which
may reflect a lower plasmid copy number in the nucleus. In fact,

the level of EGFP expression per cell was the same for the two
larger constructs (20 and 200 kb) and across all concentration
ranges. The EGFP expression of cells transfected at very low
DNA concentrations may reflect transcription from single
transfected molecules. Thus, it is possible that even under
saturating conditions, cells transfected with large constructs
carry single transfected plasmids.

Effects of increasing DNA size

In the transfections described above, DNA mass was kept
constant, allowing equal amounts of transfection reagent to be
used in experiments comparing large and small plasmids. These
experiments were not corrected for the differences in molar
concentration between equal masses of small and large DNA
constructs. Thus, although cells take up equal amounts of DNA
(Fig. 2b), this equates to a 40-fold difference in the number of
intracellular molecules between a construct of 5 kb and one of
200 kb. It has been suggested that lipofection is achieved
through a “mass-action” mechanism in which intracellular
defenses against invading DNA molecules are outcompeted by
the large numbers of transfected plasmids [42] and that the
molar insufficiency of large constructs fully accounts for their
diminished transfection efficiencies [43].
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To control for the differences in the number of molecules
between large and small constructs, the mass of DNA used in
each transfection was adjusted to contain 6 or 15.5 umol of
plasmid molecules. Because of the large difference in the size
range of the constructs examined, a 40-fold difference between
the mass of the smallest and the mass of the largest construct
was required. To keep LF2000 concentration constant, this
difference in DNA mass was compensated for by the addition of
the pGETrec plasmid (6.6 kb), which is devoid of eukaryotic
expression elements. Two micrograms (15.5 pmol) or 800 ng
(6 pmol) total DNA was used in each transfection. Two
micrograms of the 200-kb 148G BAC contains the same
number of molecules (15.5 pmol) as 195 ng of the 19.5-kb
pEBAC160G vector or 45 ng of the 4.5-kb pEGFP-N22.
pGETrec stuffer DNA (1.8 and 1.95 pg) was used to bulk up the
mass of the smaller constructs during lipoplex condensation. No
stuffer DNA was used in the 148G BAC transfections.
Expression of EGFP was measured by flow cytometry 24 h
after transfection (Fig. 4).

Despite exposure to equivalent molar concentrations of each
construct, lipofection of mES cells was highly size dependent
(Fig. 4a). As construct size increased, transfection efficiency
declined. As previously observed, the larger constructs achieved
considerably lower levels of EGFP expression per cell (Fig. 4b).
These data are consistent with the possibility that the trans-
fection of large constructs is limited by their difficulties in
moving through the cytoplasm.

Lipoplex exposure time course

To examine the dynamics of DNA uptake during lipoplex
exposure, mES cells transfected with TOTO-1-labeled DNA
(6.6 kb) were analyzed at four time points during the 6-h
incubation period (Fig. 5).

Two hours after the addition of lipoplexes around 30% of
cells had taken up DNA. By 5 h, the proportion of DNA-
positive cells had doubled (Fig. 5a), after which mES cell
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viability appeared increasingly compromised when observed
microscopically. In contrast, after 2 h of lipoplex exposure, the
mean peak fluorescence of transfected cells was only slightly
less than after 6 h (Fig. 5b), indicating that individual mES cells
become saturated with DNA after a short lipoplex exposure
time.

When mES cells were transfected with unlabeled pEGFP-
N22 plasmid, transfection efficiency was similarly dependent
on exposure time. In wells exposed to lipoplexes for 2 h, 30% of
cells expressed EGFP 24 h after transfection (Fig. 5c).
Transfection efficiency increased with increasing exposure
time, reaching a maximum of around 50% after 6 h of lipoplex
exposure. In contrast, EGFP expression per cell reached
maximal levels after 2 h exposure time and remained stable
with increasing exposure times (Fig. 5d). Exposing mES cells to
lipoplexes for more than 6 h resulted in reductions both in
transfection efficiency and in EGFP expression per cell (Figs. S5c
and 5d), suggesting that 6 h of lipoplex exposure is optimal for
mES cell lipofection, with increased exposure times adversely
affecting mES cell viability.

To extend these observations further, we performed similar
experiments using lipoplexes formed with EGFP mRNA
prepared by in vitro transcription. Following lipofection,
mRNA was translated and EGFP fluorescence could be
detected by flow cytometry, providing an alternate method for
the quantitation of lipoplex uptake (Figs. Se and 5f). Results
obtained with mRNA lipoplexes largely mirrored those
obtained using DNA lipoplexes; however, intriguingly, ex-
tended mRNA lipoplex exposure (up to 8 h) did not appear to
compromise lipofection efficiency, which may suggest that
mRNA lipoplexes are better tolerated by mES cells than DNA
lipoplexes.

Thus, the proportion of cells taking up lipoplexes was
dependent on the exposure time, while DNA uptake per cell
reached maximal levels after about 2 h. These data indicate that
the cellular uptake of lipoplexes is limited by the proportion of
cells that become competent for lipoplex uptake during the
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Fig. 4. Effects of DNA size on transfection. mES cells were transfected with equimolar amounts of one of three DNA constructs of different sizes, each containing a
CMV-EGFP reporter cassette: pEGFP-N22 (4.7 kb), pEBAC160G (19.5 kb), and pEBAC148G (200 kb). Two DNA concentrations (15.5 and 6 umol) were compared
for each construct, amounting to 47/19 ng of pEGFP-N22 plasmid, 197/79 ng pPEBAC160G vector, and 2000/800 ng pEBAC148G BAC. Each lipofection reaction was
formulated to contain a total mass of 2 pg or 800 ng, respectively, using the pGETrec plasmid (6.6 kb) plasmid. (a) Transfection efficiencies and (b) EGFP expression

per cell were analyzed 24 h after transfection.
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cells were harvested and analyzed by flow cytometry. (a) Cellular uptake efficiencies and (b) uptake per cell were averaged over four independent transfections. Error
bars indicate the SEM. (c and d) mES cells were transfected with 1 pg pEGFP-N22 DNA using LF2000. After 2, 4, 6, or 8 h exposure, lipoplexes were washed out and
the cells cultured overnight. Each well was harvested and analyzed by flow cytometry 24 h after transfection. (a) Transfection efficiency and (b) EGFP expression per
cell were averaged over four independent transfections. Error bars indicate the SEM. (e and f) mES cells were transfected with lipoplexes containing 1 pg of EGFP
mRNA prepared by in vitro transcription (mRNA:LF2000 ratio of 1:2). After 2, 4, 6, and 8 h exposure, lipoplexes were washed out and cells cultured overnight. (e)
Lipofection efficiencies and (f) EGFP expression per cell were analyzed 24 h after transfection.

exposure time and that individual mES cells become saturated
with lipoplexes within 1-2 h.

Effects of lipofection on mES cell culture

To examine the effects of lipofection on the rate of cell
growth in culture, cell counts were performed before, during,
and after lipofection (Fig. 6). At the time of transfection (time
0), 1.25x10° cells were present in each well and some wells
were exposed to DNA lipoplexes for 6 h. By 14 h, untransfected

cells increased in number fourfold (Fig. 6), indicating that two
population doublings had occurred during that time. In contrast,
exposure to 1 pg of DNA lipoplexes prevented an increase in
cell number at 14 h (Fig. 6).

At 14 h, cells were trypsinized and replated at 10° cells per
well. Fourteen hours later (28 h postlipofection), the cell
counts for both transfected and untransfected cells had
increased by fourfold (Fig. 6), indicating that two cell divisions
had taken place and suggesting a cell cycle length of around
7 h for exponentially growing mES cells. Thus, lipofection of
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Fig. 6. Effects of lipofection on the rate of cell division. mES cells were plated
into gelatin-coated 48-well plates and cultured overnight. The following day,
cell counts were performed (0 hours) and some wells were transfected with 1 pg
pEYFP-N1 DNA using LF2000 (1:4 DNA:LF2000 ratio). After 6 h of lipoplex
exposure wells were washed and cultured for a further 8 h. Control wells were
not transfected. Cells were then trypsinized and cell counts performed
(14 hours) before the cells were replated into gelatin-coated 48-well plates
(10° cells/well) and cultured for a further 14 h before final cell counts were
performed (28 hours).

mES cells reduces the rate of cell growth for at least 14 h. Full
recovery of growth rate was observed after a single cell
passage.

Effect of plasmid linearization on transfection efficiency

To examine the effects of plasmid linearization on transfec-
tion efficiency, pEGFP-N22 was linearized by digestion with
AfIIII and purified by phenol—chloroform extraction. One
microgram of linear or circular DNA was used to transfect
10° plated mES cells and transfection efficiency was measured
by flow cytometry after 24 h. Transfection efficiencies were
reduced by 60% when linear DNA was compared with circular
plasmids (Fig. 7a). Furthermore, linear DNA transfection
resulted in reduced EGFP expression per cell, yielding only
20% of the fluorescence per cell achieved using circular DNA
(Fig. 7b).
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To control for the influence of digestion and phenol—
chloroform extraction on DNA quality, two control transfections
were also performed. Mixed lipoplexes were formed using 1 pg
of circular pEGFP-N22 and 1 pg of either circular pGETrec
plasmid (Fig. 7, c+c) or linear pGETrec prepared by Clal
digestion and phenol—chloroform extraction (Fig. 7, c+1). The
incorporation of linear, phenol—chloroform-purified DNA into
lipoplexes had little effect on transfection efficiency (Fig. 7a),
suggesting the formation of similar numbers of transfectable
lipoplexes. EGFP expression per cell was slightly reduced (90%)
compared with the value obtained using lipoplexes containing
only circular DNA (Fig. 7b). This 10% reduction in the EGFP
expression per cell may reflect the lower pEGFP-N22 plasmid
copy number of mixed lipoplexes. Thus, reduced transfection of
linear DNA was not due to the preparative methods. These
results indicate that linear plasmids are less efficiently
transfected into mES cells than circular plasmids.

Stable mES cell transfection using large DNA constructs

To examine the frequency of stable integration for small and
large constructs, 10° mES cells were seeded into each well of a
12-well, gelatin-coated plate and cultured overnight. Each well
was transfected with a total of 5 ng of DNA complexed with
LF2000 at a ratio of 1:4. Circular pEGFP-N22 plasmid (4.7 kb)
or Peripherin-Green BAC (187 kb) was compared with linear
pEGFP-N22 (prepared by Af/III digestion followed by phenol—-
chloroform extraction) and linear Peripherin-Green (prepared
by Ascl digestion followed by phenol—chloroform extraction).

Thirty-five hours after transfection, each well was harvested
by trypsinization and cell counts were performed. All wells
yielded 1.4-2.2x10° mES cells, indicating that the cells had
recovered from the lipofection process and recommenced cell
division. Twenty-five-microliter aliquots of each sample
(containing 3.5-5.5x 10* cells) were used to seed each well
of a gelatin-coated 96-well plate and cultured under neomycin
selection for 2 days (until colony formation). Surviving colonies
were then counted.

600
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Fig. 7. Effects of plasmid linearization on transfection efficiency. mES cells were transfected with lipoplexes containing 1 pg of either circular pPEGFP-N22 plasmid or
linear pEGFP-N22, prepared by Af/I1I digestion followed by phenol—chloroform extraction. To control for the effect of phenol—chloroform extraction, mES cells were
also transfected with lipoplexes formed using 1 pg circular pEGFP-N22 and 1 pg of either circular (c+c) or linear (c+1) pGETrec plasmid. Linear pGETrec was
prepared by Clal digestion followed by phenol—chloroform extraction. All lipoplexes were formed at a DNA:LF2000 ratio of 1:4. Each well was harvested and
analyzed by flow cytometry 24 h after transfection. (a) Transfection efficiencies and (b) EGFP expression per cell were determined from FSC/FL1 live cell density

plots. Error bars indicate the SEM.
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Table 1

Frequency of stable transfection in mES cells

Construct DNA CFUs/cells Stable transfection
(ng) plated efficiency

Circular pPEGFP-N22 5 >100/5x10* -

Linear pEGFP-N22 5 10/5x10* 2x107*

Circular Peripherin-Green 10 3/2x10° 1.5%10°°

Linear Peripherin-Green 10 12x10°  0.5x107°

No colonies were obtained in control wells exposed to
LF2000 alone. However, circular pEGFP-N22 gave rise to
>100 resistant colonies per well, while linear pPEGFP-N22 gave
rise to approximately 10 colonies per well. Given the density of
colonies, the propensity of mES cells for aggregation, and the
ability of circular plasmids to persist under selection due to
replication from the SV40 origin, it was not possible to
quantitate the frequency of stable transfection for the circular
pEGFP-N22 plasmid transfections under these conditions.
However, for linear pEGFP-N22, which cannot be replicated
in transfected cells, colonies were surmised to have arisen from
chromosomal integration events; thus stable transfection
efficiencies could be calculated (Table 1).

mES cells transfected with the Peripherin-Green BAC gave
rise to markedly fewer neomycin-resistant colonies. Both
circular and linear Peripherin-Green transfections yielded
stable clones. Under these conditions, we obtained a total of
three colonies from 2x10° cells transfected with 10 pg of
circular BAC DNA. Using linear BAC DNA a single resistant
colony was obtained. All clones were surmised to have resulted
from stable integrations as the Peripherin-Green BAC does not
contain eukaryotic maintenance sequences that would allow it
to persist in dividing cells as episomes. Stable transfection
efficiencies for the BAC transfections are shown in Table 1.

Stable clones were maintained under selection for 22 days
following transfection and were further cultured up to 33 days
posttransfection. All clones maintained the characteristic
morphology of mES cells, growing into tight colonies within
48 h.

To determine whether the Peripherin-Green BAC had integ-
rated as an intact fragment, genomic DNA was prepared from
each clone 28 days after transfection and analyzed by PCR. All
clones were positive for the EGFP ¢cDNA and amplification of
exons 3—6 of the human peripherin locus yielded products of the
expected size (data not shown), suggesting the locus had not
undergone any major rearrangements. PCR was also performed
on genomic DNA from each clone using primer pairs specific for
the 5’ and 3’ regions of the P5 BAC, confirming the presence of
distal sequences upstream and downstream of the Peripherin-
Green locus following stable integration and suggesting the
large BAC transgenes were incorporated into chromosomes as
intact fragments (data not shown).

Discussion
The sequencing of the human and other genomes has made

genes available for studies as intact functional units in sequenced
PAC/BAC clones. However, functional studies with such clones

are limited by their generally low efficiency of transfection. We
have previously reported a large increase in the transfection
efficiency of 20- to 200-kb BAC constructs that have the oriP
sequence on the vector backbone in human erythroleukemia
cells expressing the EBNAT1 protein of Epstein—Barr virus,
enabling the generation of stable cell lines for the identification
of HbF inducers [7]. However, such an approach would not be
possible or desirable for gene therapy with intact genomic loci in
primary cells. We are therefore investigating the factors that limit
the transfection of eukaryotic cells with large genomic DNA
fragments, with a view to developing an efficient nonviral gene
delivery method.

In this report, we have systematically examined the
parameters influencing the transfection of mouse embryonic
stem cells with small and large DNA constructs using the
lipofection reagent LF2000. Using the fluorescent DNA binding
dye TOTO-1 and expression from an EGFP reporter construct,
we have dissected the lipofection process into two main
components: cellular uptake, which measures the efficiency at
which lipoplexes gain access to the cell, and nuclear delivery,
which measures the efficacy of intracellular DNA trafficking.

The TOTO-1 DNA labeling method described here allows
the physical uptake of DNA molecules to be followed by flow
cytometry, independent of nuclear uptake and gene expression.
The high quantum yield of the fluorescent TOTO/DNA
complex allows the use of low labeling ratios (up to a bp:dye
ratio of 200:1, data not shown), minimizing nonspecific labeling
and any effects on DNA and lipoplex structure. Control
experiments in which mES cells transfected with labeled
DNA were analyzed by confocal microscopy demonstrated
that the stringent trypsinization process used here effectively
removed any lipoplexes that may have remained attached to the
cell surface (Fig. le). Furthermore, cellular uptake data using
TOTO-1/DNA lipoplexes was supported by additional experi-
ments using EGFP mRNA lipoplexes (Figs. 5e and 5f and data
not shown), which require internalization and translation (but
not nuclear uptake) for detection. These observations confirm
that the TOTO-1/DNA signal detected in the flow-cytometric
analyses described here reflects intracellular DNA.

Factors affecting the cellular uptake of DNA lipoplexes by mES
cells

The cellular uptake of DNA lipoplexes is affected by two
main considerations: the properties of the lipoplex and the
uptake competence of the cell. The formation of lipoplexes
under optimal conditions is crucial to ensure the efficient
generation of particles that are suitable for transfection.
Transfectable lipoplexes are generally thought to comprise an
irregular condensed DNA core coated in a layer of cationic lipids
with particles ranging from 80 to 400 nm in size [22,41].
However, optimal conditions must be determined to promote the
formation of discrete DNA—lipid particles over the formation of
larger aggregates, which sequester DNA and reduce its
availability for uptake.

Cationic lipids interact with DNA through the electrostatic
interaction of their positively charged amine groups with the
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negatively charged DNA backbone, leading to the condensation
of DNA into lipoplexes. We have demonstrated that lipoplex
condensation is more efficient at higher LF2000 concentrations,
with increased numbers of cells taking up DNA at lower DNA:
LF2000 ratios (Fig. 2a). During the condensation process, high
LF2000 concentrations may increase the rate of plasmid
encapsulation, generating greater numbers of lipoplexes with
fewer plasmids being recruited to each lipoplex. Indeed,
although lipoplexes formed with small plasmids were generated
at higher frequency using lower DNA:LF2000 ratios, DNA
uptake per cell declined, supporting this interpretation (Fig. 2b).
Conversely, we have observed that increasing the concentration
of DNA during lipoplex formation reduces the efficiency of
condensation, leading to fewer transfected cells following
transfection (data not shown). Together, these observations
suggest that lipoplexes are formed most efficiently under
conditions that serve to isolate plasmids from one another.
Conditions that favor interactions between plasmids during their
encapsulation (such as low reagent or high plasmid concentra-
tions) are likely to cause aggregation, leading to the sequester-
ing of DNA molecules in large, untransfectable particles.
Rapid condensation would be particularly important for the
formation of lipoplexes using large DNA constructs such as
BACs, which are thought to contain single plasmid molecules
[41]. Inefficient condensation of BAC lipoplexes may leave
loops of BAC DNA exposed, promoting interactions with other
poorly formed lipoplexes and leading to aggregation. In contrast
to small plasmids, BAC lipoplexes formed using higher LF2000
concentrations delivered increasing amounts of DNA per cell
(Fig. 2b). Due to their large size, BACs are likely to be less
amenable to alterations in the copy number of each lipoplex.
Increased LF2000 concentration may promote the formation of
competent BAC DNA lipoplexes in greater numbers, without
influencing the DNA payload per lipoplex. Indeed, the amount
of DNA delivered per cell was proportional to the efficiency of
lipoplex formation for BACs (Fig. 2b). These observations
support previous studies showing that, while the copy number is
altered, the structure of lipoplexes formed using plasmids up to
52.5 kb is not affected by construct size [41] and further suggest
that this may also be true for BACs up to 200 kb in size.
While efficient lipoplex condensation conditions may pro-
vide sufficient numbers of transfectable particles for lipofection,
the proportion of cells that are competent for DNA uptake may
further limit the access of lipoplexes to the cell interior. The data
presented in Fig. 3 demonstrate that increasing lipoplex
concentrations up to fourfold results in increased DNA uptake
per cell, with only minimal increases in uptake efficiency. This
suggests that only a fraction of the live cell population is
competent for DNA uptake during exposure to lipoplexes at
saturating concentrations. Furthermore, during the 6 h lipoplex
exposure period, the proportion of cells taking up DNA
continued to increase, while the amount of DNA uptake per
cell reached 80—90% of the maximum value within 2 h (Fig. 5).
Similarly, when mES cells were exposed to lipoplexes
containing the 4.7-kb plasmid, transfection efficiency was
limited by exposure time, while EGFP expression per cell was
not. Thus, lipoplexes are not taken up by all cells simulta-

neously; otherwise, the data in Fig. 5 would have shown a stable
proportion of transfected cells accumulating fluorescence over
time. Nor are cells able to take up DNA for the entire duration of
the exposure time, as DNA uptake per cell is stable despite
increasing uptake efficiency (Fig. 5). Instead, the data support
the existence of a transient window of DNA uptake competence,
which cells move into and out of during lipoplex exposure.

Lipofection was shown to reduce the rate of cell growth in
culture, although it was not determined if this was due to a
reduced rate of proliferation or an increase in cell death (Fig. 7).
mES cells exposed to lipoplexes for longer than 5—6 h exhibited
gross signs of cell death. Moreover, when mES cells were
oversaturated with lipoplexes EGFP expression per cell was
reduced at 24 h, despite increased DNA uptake at 5 h (Fig. 3).
These observations may reflect the preferential survival of cells
taking up low levels of DNA, suggesting that lipoplex uptake is
toxic to mES cells at high levels.

Together, the results indicate that the uptake of lipoplexes by
mES cells may be limited both by the number of cells that enter
an uptake-competent state during the exposure time and by a
ceiling effect on DNA uptake created by the toxicity of
lipoplexes at high concentrations. Using LF2000, optimal
transfection efficiency of mES cells is achieved using 1 pg of
DNA per 10° cells at a DNA:LF2000 ratio of 1:4. Preferential
accumulation of lipoplexes at the cell surface late in the G1
phase of the cell cycle has been reported in HeLa cells [44], and
we suggest that mES cells may become competent for lipoplex
uptake as a function of the cell cycle. If this is the case,
synchronization of mES cells prior to transfection and
coordination of lipofection timing may enable transfection of
the entire mES cell population with lipoplex exposure times of
2-3 h.

Factors affecting the intracellular trafficking of DNA

Despite similar, high-efficiency uptake of lipoplexes contain-
ing either BAC or small plasmid DNA, the transfection
efficiencies obtained using large constructs were significantly
reduced compared with small plasmids (Figs. 2 and 3). Some
studies have implicated the intracellular concentration of DNA
as the prime determinant of transfection efficiency for small
plasmids [42] as well as for BAC DNA [43]. This hypothesis
implies that competition between the molar concentration of
transfected plasmids and the rate of intracellular degradation
determines transfection efficiency. Under this model DNA
lipofection is achieved by a “mass-action” mechanism [42]
whereby intracellular defenses against invading nucleic acids are
overcome by the large numbers of transfected DNA molecules.
It follows that due to constraints on the total mass of DNA that
can be taken up, the delivery of large constructs is limited by a
reduced ability to saturate these defenses effectively.

We have shown that, while increasing lipoplex concentration
resulted in higher levels of intracellular DNA, this had little
effect on the transfection efficiencies of large constructs (Fig.
3). Furthermore, when mES cells were transfected with
equimolar concentrations of small and large plasmids, transfec-
tion efficiency was more dependent on construct size than on
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the amount of DNA used in each transfection. Transfection of
larger plasmids was significantly reduced compared with
smaller plasmids but was only slightly affected by lipoplex
concentration (Fig. 4). Thus, factors other than the intracellular
concentration of DNA molecules may limit the trafficking of
large plasmids to the nucleus.

Given the immobility of DNA molecules over 2 kb in size in
the cytoplasm [31], it is unlikely that DNA transit through the
cytoplasm is achieved by passive diffusion. One possible
scenario is that DNA binding proteins translated in the
cytoplasm interact with transfected plasmids, resulting in
cotransportation to the nucleus. Depending on the nature of
the interaction between each macromolecule, the mobility of
DNA-protein transit intermediates might range from loosely
bound structures that transport DNA a short distance to stable
complexes that transport DNA all the way to the nucleus. It
seems likely that the mobility of transit intermediates through
the cytoskeletal sieve would decrease with increasing plasmid
size.

In support of this model, Dean et al. [45] demonstrated that a
DNA sequence rich in transcription factor binding sites could
enhance the transport of DNA from the cytoplasm to the
nucleus of nondividing cells, suggesting cotransport of
transcription factors and transfected DNA through the nuclear
pore [45]. Furthermore, expression of the nuclear targeted
EBNA-1 protein can enhance the transfection of DNA
constructs containing the oriP origin of replication, to which
the EBNA-1 protein binds [7]. However, Howden et al. [46]
recently showed that this effect depends on the chromatin
binding domain of EBNA-1, rather than the nuclear localization
signal, which suggests that EBNA-1 may require cell division
and the breakdown of the nuclear membrane to facilitate nuclear
transport of transfected DNA.

This model supports the idea that the rate of cytoplasmic
trafficking is a major determinant of transfection efficiency
[42] and suggests that small plasmids evade degradation by
rapid transit through the cytoplasm, rather than through the
saturation of cellular defenses. In support of this conclusion,
we observed EGFP expression as early as 5 h after lipoplex
exposure in mES cells transfected with small plasmids, while
cells transfected with BACs did not express EGFP at this time
(data not shown). Thus, the amount of time large constructs
spend navigating the cytoplasm may be a critical determinant
of transfection probability.

In addition to the effects of plasmid size on DNA delivery, we
have found that transfection of linear DNA is reduced in
comparison to circular DNA (Fig. 7). This may reflect an
increased sensitivity of linear fragments to degradation. While
circular DNA is invulnerable to exonucleases, linear DNA would
be quickly degraded by these enzymes. Alternatively, linear
DNA contains free ends that are likely to be detected as double-
strand breaks by nuclear repair machinery. Cells respond to
double-strand breaks in one of two ways: repair or apoptosis.
When double-strand breaks are detected in large numbers,
apoptotic signaling overtakes repair signaling, leading to the
fragmentation of the genome and the orderly demise of the cell.
The activation of these cellular defenses by transfected linear

DNA molecules may constrain transfection efficiencies by
causing apoptosis at high concentrations. However, the incor-
poration of linear DNA fragments into lipoplexes did not affect
the cotransfection of a circular plasmid, suggesting that apoptotic
signaling does little to inhibit transfection under our conditions.
Thus, intracellular degradation of linear DNA fragments is likely
to explain their reduced transfection efficiencies.

Using the optimized lipofection methods described above,
we have demonstrated the stable transfection of mES cells with
a 187-kb BAC at a frequency of around 1 in 500,000 cells.
Stable transfection efficiencies were increased at least 100-fold
using small plasmids. PCR analysis of 5’ and 3’ sequences of
this BAC indicated the integration of intact human genomic
sequences into the mouse genome.

Concluding remarks

Lipofection is a high-efficiency method for the delivery of
large DNA constructs to mES [19,20] and other cell lines
[21,26,47,48]. In this paper, we have investigated the
parameters influencing mES cell lipofection. Our results
suggest that the delivery of small plasmids is primarily
limited by lipoplex uptake and that asynchronously dividing
mES cells are a heterogeneous population with regard to
lipoplex uptake competence. In addition, we have demon-
strated that although lipoplexes formed with large plasmids
and those formed with small plasmids are taken up with
similar efficiencies, nuclear delivery may be limited by the
rate of intracellular transit. In addition to DNA delivery, we
have demonstrated the delivery and translation of in vitro-
transcribed mRNA using LF2000. mRNA delivery represents
a novel strategy for protein expression in mES cells and may
enable more precise control over intracellular protein levels as
well the ability to deliver transient waves of protein expression
for temporary roles, such as intracellular trafficking. We have
recently demonstrated the facility of this approach using
EBNA mRNA cotransfection to enhance transfection effi-
ciency [46].

Methods

DNA constructs

pEGFP-N22 is a 4693-bp CMV immediate-early promoter-driven EGFP
reporter plasmid (CMV-EGFP) [49] derived from the pEGFP-NI1 construct
(Clontech, Palo Alto, CA, USA) and containing a kanamycin/neomycin resis-
tance gene. pEYFP-N1 is a 4733-bp CMV-EYFP reporter plasmid (Clontech).
pEBACI160G is a 21.3-kb enhanced BAC vector developed in our lab [50]. It
contains a number of eukaryotic expression cassettes including the hygromycin
resistance gene for eukaryotic selection, the EBV EBNA gene and oriP element
for episomal maintenance, and a CMV—EGFP reporter cassette. pPEBAC/148RG
is a 200-kb BAC comprising the RPCI 1-148022 PAC clone insert retrofitted
into the pPEBAC160G vector [7]. The 183-kb-long insert contains the intact
human p-globin locus. pGETrec is a 6578-bp plasmid encoding the components
of the GET Recombination system [49]. The genes on this plasmid cannot be
expressed in eukaryotic cells. BAC265 (RPCI 11-265B8) is a 197-kb BAC
containing the entire human FXN locus [8]. This locus encodes the frataxin
protein, which is involved in mitochondrial iron—sulfur cluster biosynthesis.
Peripherin-Green is a 187-kb genomic reporter construct in which the EGFP
cDNA has been placed in frame with the coding sequences of the peripherin
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locus in the P5 BAC (RPCI 11-234P5) (unpublished data). Due to their vulne-
rability to shearing, BAC constructs were handled using wide-bore pipette tips.

TOTO-1 labeling of DNA

Labeling of DNA molecules with the dimeric cyanine dye TOTO-1
(Molecular Probes, Eugene, OR, USA) was performed in 0.5x TE buffer to
produce stable TOTO/DNA complexes with defined base pair:dye molecular
ratios [40]. TOTO-1 was diluted to the appropriate concentration (3 pM for a
DNA bp:dye molecular ratio of 50:1, 1.5 uM for a ratio of 100:1) and DNA was
added to a final concentration of 100 ng/ul. Labeling reactions were incubated
for at least 60 min at 4 °C and were used immediately. In the experiments
described herein a bp:dye ratio of 50:1 to 100:1 was used, although we have
found that labeling ratios of up to 200:1 are suitable for the analysis of
transfection by flow cytometry (data not shown).

In vitro transcription

The Ambion SP6 mMESSAGE mMACHINE Kit (Ambion) was used for the
production of EGFP mRNA. In vitro transcription template DNA was amplified
by PCR from the pEGFP-N22 plasmid using the EGFPivt5 (5'-ATTTAGGTG-
ACACTATAGAAGCGCCACCATGGATGTGAGCAAGGGCGAGGAGC-3')
and EGFPivt3 (5'-GGTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTAGATTA-
TAGAGTCGCGGCCGCTTTAC-3") primers. Eight 50-ul reactions were pooled
and purified using the QIAquick PCR purification kit (Qiagen). In vitro
transcription was performed according to the manufacturer’s recommendations.
RNA was quantitated by UV spectroscopy and gel electrophoresis.

mES cell culture and transfection

W9.5 mES cells were maintained under feeder-free culture conditions in
gelatin-coated flasks, using standard ES medium (DME+15% fetal calf serum
+0.1 mM amino acids +0.1 mM p-mercaptoethanol+ 1000 U/ml LIF). Cells
were passaged every 2 to 3 days. For transfections, mES cultures were
trypsinized, counted, and used to seed 24- or 48-well gelatin-coated plates (10°
cells/well), for transfection the following day. We did not observe any overt
differences in the growth or transfection of mES cell colonies between 24- and
48-well plates. For stable transfections, mES cells were grown under neomycin
(Invitrogen) selection (300 pg/ml) as indicated.

Lipofect AMINE 2000 (Invitrogen, San Diego, CA, USA) was used for all
transfections. DNA (0.5-4 pg) or in vitro-transcribed EGFP mRNA was
diluted in OptiMEM (Invitrogen) to a final volume of 50 pl. Lipofect AMINE
2000 (1-16 pg) was diluted in OptiMEM to a final volume of 50 pl. The two
solutions were mixed by pipetting and incubated at room temperature for 20 min.
A DNA:LipofectAMINE ratio of 1:4 was routinely used, unless otherwise
specified.

Flow cytometry

To harvest mES cells for flow cytometry, medium was removed and cells
were washed one to three times with phosphate-buffered saline (PBS). After the
final wash, PBS was replaced with 100 ul 0.25% trypsin/EDTA. The cells were
then incubated for 5—10 min at 37 °C, dispersed by pipetting, and transferred
into 400 pl PBS supplemented with 1% fetal calf serum.

Single-cell suspensions were kept on ice until data collection. Flow
cytometry was performed on FACStar or FACSCalibur systems (Becton—
Dickinson, Franklin Lakes, NJ, USA). Cells (1-2 x 10%) were analyzed for each
sample. Data analysis was performed using WinMDI 2.8 (Joseph Trotter) and
Excel (Microsoft) software. Untransfected cells and vehicle-only controls were
included in every experiment and typically exhibited minimal autofluorescence.
Evaluation was gated to include only living cells and cutoff thresholds for
quantitation of the fluorescent cell population were determined from these
experimental controls. Transfection and cellular uptake efficiencies refer to the
percentage of cells included in the fluorescent fraction of the live cell population.
In this report, “cellular uptake” refers to the internalization of DNA, while
“transfection efficiency” is used to indicate nuclear delivery and expression of
transfected DNA containing an EGFP expression cassette. As a measure of the

TOTO/DNA uptake per cell or the level of EGFP expression per cell, the mean
peak fluorescence of the fluorescent fraction was calculated using the WinMDI
2.8 software and expressed in arbitrary units.

Confocal microscopy

Single-cell suspensions were prepared in the same manner as for flow
cytometry. Wheat germ agglutinin—AlexaFluor594 conjugate (Molecular
Probes) and/or TOPRO-3 (Molecular Probes) was added to cell suspensions
(2.5 pg/ml and 2 pM, respectively) and incubated on ice for 30 min. Cells were
pelleted, resuspended in PBS+4% paraformaldehyde, and left on ice for a
further 20 min before being transferred onto slides for confocal analysis.
Microscopy was performed on a Zeiss Axioplan confocal microscope. Images
and three-dimensional stacks were analyzed using the Confocal Assistant
software.
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