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The nuclear envelope is a major barrier for nuclear
ptake of plasmids and represents one of the most
ignificant unsolved problems of nonviral gene deliv-
ry. We have previously shown that the nuclear entry
f plasmid DNA is sequence-specific, requiring a
66-bp fragment containing the SV40 origin of replica-
ion and early promoter. In this report, we show that,
lthough fragments throughout this region can sup-
ort varying degrees of nuclear import, the 72-bp re-
eats of the SV40 enhancer facilitate maximal trans-
ort. The functions of the promoter and the origin of
eplication are not needed for nuclear localization of
lasmid DNA. In contrast to the import activity of the
V40 enhancer, two other strong promoter and en-
ancer sequences, the human cytomegalovirus (CMV)

mmediate–early promoter and the Rous sarcoma vi-
us LTR, were unable to direct nuclear localization of
lasmids. The inability of the CMV promoter to medi-
te plasmid nuclear import was confirmed by mea-
urement of the CMV promoter-driven expression of
reen fluorescent protein (GFP) in microinjected cells.
t times before cell division, as few as 3 to 10 copies
er cell of cytoplasmically injected plasmids contain-

ng the SV40 enhancer gave significant GFP expres-
ion, while no expression was obtained with more
han 1000 copies per cell of plasmids lacking the SV40
equence. However, the levels of expression were the
ame for both plasmids after cell division in cytoplas-
ically injected cells and at all times in nuclear in-

ected cells. Thus, the inclusion this SV40 sequence in
onviral vectors may greatly increase their ability to
e transported into the nucleus, especially in nondi-
iding cells. © 1999 Academic Press

Key Words: nuclear import; gene expression; gene
herapy; enhancer; plasmid delivery.

INTRODUCTION

One of the major problems limiting the success of
onviral gene therapy vectors is their low efficiency of
ene transfer to target cells. Many barriers exist for

1 To whom correspondence and reprint requests should be ad-

Eressed. Fax: (334) 460-7931. E-mail: dean@sungcg.usouthal.edu.

713
he efficient transfer of genes to cells, including the
xtracellular matrix, the endosomal/lysosomal envi-
onment, the endosomal membrane, and the nuclear
nvelope [1]. Currently, extensive effort has been con-
entrated on the first three obstacles. DNA must enter
he nucleus to be transcribed, replicated, and/or inte-
rated, yet there has been relatively little attention
irected toward discovering and exploiting the mecha-
isms by which plasmids enter the nucleus. These
rocesses are especially relevant in postmitotic and
uiescent cells, since there is no breakdown of the
uclear envelope in the absence of mitosis. Because
any cells that are targeted in gene therapies do not

ivide or divide very slowly, the entry of plasmids into
he nucleus becomes the major limiting step in gene
ransfer.

We recently have begun to characterize transport of
lasmids from the cytoplasm to the nucleus and have
hown that plasmids are able to enter the nuclei of cells
hrough the nuclear pore complex in the absence of cell
ivision [2]. Most importantly, and most intriguingly,
e also have demonstrated that this nuclear entry is

equence-dependent. Although SV40 DNA was effi-
iently transported into the nucleus, bacterial plas-
ids such as pBR322 or pBluescript were excluded

rom the nucleus until mitosis occurred [2]. The SV40
equences necessary for nuclear import were localized
o the origin of replication and early–late promoter
egion. When these sequences were incorporated into
BR322, they enabled hybrid plasmid transport into
he nucleus. In the present report, we have further
haracterized the sequences involved in nuclear import
nd show their ability to achieve nuclear import of
lasmids in nondividing cells.

EXPERIMENTAL PROCEDURES

Construction and preparation of plasmids. SV40 DNA was puri-
ed from infected TC7 cells by Hirt lysis as described [3]. The SV40
rigin sequence (SV40 nts 5171 to 43) was excised from plasmid
OR(5171–43), a derivative of pBR322 [4], by digesting with EcoRI
nd HindIII and replaced with a multiple cloning site (HindIII–
baI–NcoI–SmaI–KpnI–EcoRI) to create pDD201 and facilitate
loning (Fig. 1). The numbering of SV40 nucleotides is according to
onvention [5]. The same multiple cloning site was inserted into the

coRI and HindIII sites of the parent pBR322 plasmid to create

0014-4827/99 $30.00
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714 DEAN ET AL.
DD180. pOR(5171–300) was constructed by subcloning the 372-bp
indIII–KpnI fragment from SV40 (nts 5171 to 300) containing the

rigin and promoter region into pDD201. The 372-bp SV40 origin
ragment also was cloned into the TA cloning vector (Invitrogen, San
iego, CA) to facilitate subsequent cloning steps. pOR(37–160) and
OR(128–200) contain the 123-bp NcoI–EcoRI (nts 37 to 160) and
2-bp SphI–SphI (nts 128 to 200) fragments from SV40 inserted into
he corresponding restriction sites, respectively (Fig. 2). pOR(37–
00) was constructed by subcloning the 263-bp NcoI–KpnI (nts 37 to
00) fragment from SV40 into pDD201. pOR(200–300) was con-
tructed by subcloning the 100-bp SphI–KpnI (nts 200 to 300) frag-
ent into pDD201. pOR(5171–43), pOR(5171–160), pOR(5208–

3)20C, and pOR(5208–43)5215G were kindly provided by Peter
egtmeyer (SUNY Stony Brook) [4].
The 870-bp immediate–early promoter/enhancer from the human

ytomegalovirus (hCMViep) was removed from pBK-CMV (Strat-
gene, San Diego, CA) by digestion with AflIII and EcoRI and cloned
nto pDD180 to create pBR-CMV. The 600-bp promoter contained
ithin the Rous sarcoma virus long terminal repeat (RSV LTR) was

FIG. 1. Constructs used in these studies. Cartoons of the plas-
ids used in these studies are shown. Restriction endonuclease sites

re abbreviated as follows: A, AflIII; Av, AvaI; B, BamHI; E, EcoRI;
, HindIII; K, KpnI; N, NcoI; S, SmaI; St, StuI; V, EcoRV; X, XbaI.
xcised from pRc/RSV (Invitrogen) by digestion with BglII and Hin- m
III and cloned into pDD180 to create pBR-RSV. The 327-bp SV40
rigin and promoter region was removed from the TA coning vector
y digestion with HindIII and XbaI and cloned into the same sites of
BR-CMV to produce pBR-CMV-SV40. The SV40 origin and pro-
oter region were removed from the plasmid pRc/RSV by digestion
ith EcoRV and religation creating pRSVneo. pRSVneo–SV40 was
ade by removing a 398-bp StuI–EcoRV fragment containing the
V40 origin/promoter from the TA cloning vector and then reintro-
ucing the SV40 sequence into the AvaI site of pRSVneo.
pGFPDSV40 was derived from pEGFP-N1 (Clontech, Palo Alto,
A; referred to as pGFP in the text) by digestion with StuI followed
y partial digestion with SspI and ligation to remove the SV40 early
romoter/enhancer region (nts 2218 to 2578). All manipulations were
erformed as described and all constructs were confirmed by double-
tranded sequencing using Sequenase 2.0 (Amersham, Arlington
eights, IL) [6]. Protein-free plasmid DNA was purified by alkaline

ysis and Qiagen maxiprep columns (San Diego, CA). Agarose gel
lectrophoresis analysis of the purified plasmids revealed that all of
he preparations contained predominantly supercoiled plasmid in
he same relative amounts, with no RNA or low-molecular-weight
ontaminants (not shown).
Cell culture and microinjection. TC7 cells, a subline of African
reen monkey kidney epithelium, were grown on coverslips in
MEM (Life Technologies, Gaithersburg, MD) containing 10% fetal
ovine serum and antibiotics in a humidified incubator at 37°C with
% CO2. Purified protein-free plasmid was suspended in phosphate-
uffered saline (PBS) at a concentration of 0.5 mg/ml and microin-
ected into the cytoplasm of cells grown on etched coverslips as
escribed [7]. A total volume of 3 3 10210 ml was injected per cell, as
etermined by microinjection of a solution of 32P at known specific
ctivity, and is in agreement with volumes delivered by others [8]. At
plasmid concentration of 0.5 mg/ml, this volume contains approx-

mately 20,000 molecules of plasmid. After microinjection, the cells
ere incubated in complete medium, unless otherwise indicated, for
h at 37°C. For GFP expression experiments, approximately 100

ells were injected for each DNA concentration, plasmid, and time
oint, and the experiments were repeated at least four times for each
ime point.

FIG. 2. Functional organization of the SV40 origin/promoter re-
ion and map of DNA constructs. The functional elements of the
rigin of replication, early and late promoters, and enhancer are
hown [36]. All SV40 DNA fragments shown were cloned into the
BR322 derived plasmid pOR(5171–43), replacing the original SV40
equences present [4]. pOR(5208–43)20C and pOR(5208–43)5215G are
ite-directed mutants of pOR(5208–43) that contain single point

utations in T antigen binding sites and are indicated by an “X” [9].
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715NUCLEAR TARGETING OF PLASMIDS
In situ hybridization. In situ hybridizations were performed as
escribed [2]. Briefly, after microinjection and incubation for 8 h in
he appropriate growth medium, the cells were rinsed in PBS, per-
eabilized with 0.5% Triton X-100 in PBS at 23°C for 45 s, fixed in

cetone:methanol (1:1) at 220°C for 5 min, and incubated in 70%
ormamide in 23 SSC at 70°C for 2 min to denature the DNA. The
ells were then hybridized overnight at 37°C with a fluorescently
abeled probe in hybridization buffer (2 mg/ml bovine serum albu-

in, 0.25 mg/ml sheared salmon sperm DNA, 0.25 mg/ml Torula
east tRNA, 10% dextran sulfate, 23 SSC, and 50% deionized form-
mide). All samples were treated with RNaseH (8 U/ml) after hy-
ridization. After the subsequent washing steps, the cells were
ounted with 1 mg/ml DAPI and the anti-bleaching reagent DABCO

ccording to the manufacturer’s instructions (Molecular Probes, Eu-
ene, OR). Flourescently labeled probes were prepared by nick trans-
ation of pBR322, pRc/RSV, and SV40 DNA as described, except that
uorescein–12-dUTP (Molecular Probes) was incorporated directly

nto the DNA. All photographs were taken with an Olympus
MAX50 epifluorescence microscope equipped with a PM20 pho-

odocumentation system on 400 ASA Kodak Ektachrome or TriX-
AN film.
Quantification of GFP expression. Cells microinjected with pGFP

r pGFPDSV40 were observed by fluorescence microscopy after fix-
tion in 4% paraformaldehyde in PBS for 15 min at 4°C. Cells
xpressing GFP were recorded as showing very weak, weak, me-
ium, strong, or very strong GFP fluorescence. These categories of
ntensity were assigned values of 1 (very weak) through 5 (very
trong) and the relative expression is given as the total numerical
alue (cells 3 intensity) divided by the total number of injected cells.
he validity of this quantitation method was confirmed by analyzing
igital images of the GFP-expressing cells that were obtained with
n Optronics cooled CCD camera and using the Image Pro-Plus
oftware package. In all cases, the integrated optical density of the
ells determined using the digital system gave results that were
ualitatively indistinguishable from those obtained with our visual
creening method.
Synchronization of cells. TC7 cells were plated onto etched cov-

rslips in six-well tissue culture plates and incubated in DMEM
ontaining 10% fetal bovine serum until they reached 50% conflu-
ncy. Lovastatin (Calbiochem, La Jolla, CA) was added to 50 mM and
he cells were grown for an additional 24 h. The medium was re-
oved and the cells were washed with PBS. Fresh medium contain-

ng 5 mM mevalonic acid (Sigma, St. Louis, MO) was then added and
he cells were grown for an additional 2 h before microinjection. At
he indicated times, the cells were washed with PBS, fixed for 15 min
n 4% paraformaldehyde in PBS, mounted with DAPI and DABCO,
nd observed for GFP expression by fluorescence microscopy.

RESULTS

dentification of DNA Sequence Elements Needed for
Nuclear Import

We have previously identified a 372-bp fragment of
V40 DNA containing the origin of replication and the
arly promoter and enhancer region as the sequence
equired for mediating nuclear entry of plasmids [2].
o determine which sequences within this region are
equired for nuclear import and the possible function of
hese sequences in nuclear transport, we made a series
f plasmids containing different segments of this re-
ion (Fig. 2) and tested them for their ability to localize
n the nucleus (Table 1). As in our previous study, in

itu hybridizations were performed to determine the t
ubcellular localization of the cytoplasmically injected
NA. The limit of detection of this method is about 300

opies of plasmid per nucleus. While the following ex-
eriments were performed in TC7 cells, we have shown
reviously that such sequence-specific nuclear import
ccurs in all cell types tested to date, including epithe-
ial, endothelial, and smooth muscle cells from a vari-
ty of organisms [2].

romoter Function Is Not Required for Plasmid
Nuclear Import

To determine whether a functional promoter was
eeded for import, we compared a series of plasmids
ade to dissect the SV40 origin of replication and

romoter region. The plasmid pOR(5171–300) contain-
ng the entire 372-bp SV40 origin/promoter region lo-
alized to the nucleus to the same levels as that of the
ntire SV40 genome (Table 1). The plasmid pOR(5171–
3) contains 115 bp of SV40 sequence including the
ore region of the origin [4]. While this plasmid sup-
orts DNA replication, it cannot drive transcription of
reporter gene since most of the promoter region is

acking. Eight percent of the cells injected with
OR(5171–43) showed complete nuclear localization of
he plasmid, while another 18% showed nuclear and
ytoplasmic staining. Although this level of nuclear im-
ort is about 10% of that of the full-length pOR(5171–
00), the activity is greater than that of the backbone
ector alone, pOR-MCS, which was completely unable to

TABLE 1

Nuclear Localization of Plasmids

Plasmid

Subcellular localizationa

Nucleus
Cytoplasm and

nucleus Cytoplasm

V40 (complete genome) 82 6 12 6 6 2 12 6 8
BR322 (no SV40) 0 6 0 0 6 0 100 6 0
OR-MCS (no SV40) 0 6 0 0 6 0 100 6 0
OR(5171–300) 58 6 4 22 6 5 20 6 9
OR(5171–43) 8 6 3 18 6 1 74 6 3
OR(5171–160) 28 6 11 27 6 15 45 6 5
OR(37–160) 57 6 3 21 6 13 22 6 10
OR(37–300) 57 6 6 20 6 8 23 6 2
OR(128–206) 56 6 3 16 6 4 28 6 5
OR(200–300) 58 6 7 20 6 8 22 6 15
OR(5208–43)20C 8 6 12 14 6 8 77 6 20
OR(5208–43)5215G 6 6 8 21 6 11 73 6 15

a After cytoplasmic microinjection, cells were incubated for 8 h and
cored for the subcellular location of the injected DNA by in situ
ybridization. Cells were classified by either nuclear ($80% nuclear
ignal), cytoplasmic and nuclear (#80% nuclear signal), or cytoplas-
ic (0% nuclear) staining and tabulated as a percentage of cells with

etectable signal. The results are the average (6SD) of four experi-
ents with between 50 and 100 cells visualized for each DNA.
arget to the nucleus in the absence of cell division. These
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716 DEAN ET AL.
esults demonstrate that a functional promoter is not
eeded for the nuclear entry of plasmid DNA, but may be

mportant for optimal import.

rigin of Replication Is Not Needed for Nuclear
Import

To determine if the origin of replication was needed
or nuclear import activity, several constructs were
ade that contained either (i) a nonfunctional origin,

ii) distal flanking elements that are not sufficient to
nitiate DNA replication, or (iii) none of the SV40 ori-
in of replication. Two different point mutants,
OR(5208–43)20C and pOR(5208–43)5215G [9], which de-
troy origin activity in the pOR(5208–43) construct
ere also used. pOR(5208–43) is identical to
OR(5171–43), except for a 31-bp deletion between
V40 nucleotides 5178 and 5208, outside of the origin
nd promoter region [9]. Both plasmids displayed iden-
ical levels of nuclear accumulation, which was also
ndistinguishable from the replication competent
OR(5208–43) and pOR(5171–43) wild type plasmids
Table 1). pOR(37–300), which contains nucleotides 37
o 300, lacks the core origin sequences. It does not
upport DNA replication, although it does contain the
-antigen binding region III (SV40 nts 30 to 72), which

s needed for maximal DNA replication [4]. pOR(37–
00) was detected exclusively in the nuclei of 57% of
he injected cells, a level similar to that seen with the
lasmid containing the entire 372 bp region. Further,
OR(200–300), which contains only enhancer se-
uences and no origin sequences, was imported at sim-
lar levels. These results indicate that a functional
rigin of replication is not needed for plasmid nuclear
ocalization.

nhancer Region Provides Majority of Plasmid
Nuclear Import Activity

These results indicated that most of the plasmid
uclear import activity resided in regions outside of the
rigin of replication (SV40 nucleotides 5171 to 72).
ndeed, inclusion of 117 bp in pOR(5171–43) extending
nto the GC boxes and much of the first 72-bp repeat of
he enhancer gave pOR(5171–160) which localized ex-
lusively to the nucleus of 28% of injected cells and
howed mixed nuclear and cytoplasmic localization in
nother 27% (Table 1). Removal of the core origin se-
uences produced pOR(37–160), which exhibited max-
mal transport activity. This result suggests that se-
uences around the origin may modulate or inhibit
mport. This result, coupled with the import activity of
OR(200–300) which contained one complete, contigu-
us copy of the 72-bp repeat, suggested that the major-
ty of the import activity resided in portions of the
2-bp repeat. While pOR(128–206) contained an entire

2-bp repeat, it was not the intact, contiguous form: the c
9 59-bp of the first repeat are followed by the 39 23-bp
f the second repeat. Like pOR(200–300), this plasmid
ocalized to the nucleus to the same degree as the
ntire 372-bp fragment. Neither pOR(200–300) nor
OR(128–206) are able to function as promoters or
rigins. Since nuclear import of these plasmids occurs
t maximal rates, this confirms that the function of
either the promoter nor the origin is required for
uclear import of the DNA and that the majority of the

mport activity resides in DNA sequences within the
nhancer domain.

earch for Other Promoters and Enhancers That
Support Plasmid Nuclear Entry

Because the most active SV40 sequence for nuclear
mport is the enhancer, it is possible that other enhanc-
rs and/or promoters may also give similar nuclear
mport activity. Alternatively, the SV40 sequence may
e unique in its import properties. To test the hypoth-
sis that plasmids with promoters and enhancers con-
aining multiple transcription factor consensus bind-
ng sequences direct nuclear import, several other
romoter-containing plasmids were tested for nuclear
mport. As likely candidates, two very strong in vitro
nd in vivo promoters were chosen: the immediate–
arly promoter and enhancer from the human cyto-
egalovirus (hCMViep) and the LTR promoter from
ous sarcoma virus (RSV-LTR). Both promoters have
een shown to be even stronger than the SV40 early
romoter for gene expression in mouse muscles in vivo
10, 11]. As expected, when pOR(5171–300) was in-
ected into the cytoplasm, it localized largely to the
ucleus within 8 h as visualized by in situ hybridiza-
ion (Fig. 3A). By contrast, when the 800-bp hCMViep

as cloned into pBR322, the plasmid remained en-
irely in the cytoplasm of all cells 8 h after injection
Fig. 3B). Similarly, two plasmids containing the RSV
TR promoter, pBR-RSV and pRSVneo, also failed to

ocalize to the nucleus by 8 h (Figs. 3C and 3D). One
xplanation for the lack of nuclear localization is the
ytoplasmic retention of these plasmids. However,
hen the entire 372-bp SV40 origin/enhancer region
as cloned into either pBR-CMV (pBR-CMV-SV40;
ig. 3E) or pRSVneo (pRSVneo-SV40; Fig. 3F), the
lasmids migrated to the nucleus as efficiently as did
OR(5171–300). Thus, it appears that the ability to
romote nuclear import of plasmids is a unique prop-
rty of the SV40 enhancer region.

lasmids Carrying the SV40 Promoter/Enhancer
Express Their Products More Rapidly and
Efficiently When Injected into the Cytoplasm

Although plasmids containing the hCMViep promoter
nd no SV40 sequences appeared to remain completely

ytoplasmic when assayed by in situ hybridization, it is
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717NUCLEAR TARGETING OF PLASMIDS
ossible that a few copies of the plasmid (less than 300
opies per cell) were able to enter the nucleus but could
ot be detected by this assay. To exclude this possibil-

ty, a plasmid expressing GFP from the hCMViep pro-
oter but containing no SV40 sequences (pGFPDSV40)
as injected into synchronized TC7 cells, as was the

ontrol plasmid which did contain the SV40 early pro-
oter and enhancer (pGFP). In this synchronized sys-

em, cell division occurs between 12 and 16 h. Expres-
ion of GFP was detected and quantified as the sum of
he intensity of GFP signals in cells divided by the total
umber of cells injected. Both visual scoring of GFP

ntensities and digital analysis of images obtained with
cooled CCD camera and image analysis software

ielded the same results. When either plasmid was
njected into the nuclei of cells, expression of GFP could
e detected within 2 h. Both plasmids produced similar

FIG. 3. Nuclear localization of plasmids containing viral promot-
rs and enhancers. Several viral promoter/enhancers were cloned
nto pBR322-based vectors. Plasmids were microinjected into the
ytoplasm of TC7 cells and visualized 8 h later by in situ hybridiza-
ion. (A) pOR(5171–300) containing the 366-bp SV40 origin/promoter
NA fragment, (B) pBR-CMV, (C) pBR-RSV, (D) pRSVneo, (E) pBR-
MV-SV40 (pBR-CMV containing the 366-bp SV40 origin/promoter
NA fragment), and (F) pRSVneo-SV40 (pRSVneo containing the
V40 origin/promoter DNA fragment).
evels of GFP, as assayed by GFP fluorescence (Fig. a
A). Expression was detected in between 30 and 70% of
uclear injected cells at the highest DNA concentra-
ion, about 100 copies per cell.

However, when the plasmids were injected into the
ytoplasm of synchronized cells, significant differences
ere observed between plasmids with and without the
V40 enhancer. When pGFP was injected into the cy-
oplasm of cells at 30 copies of plasmid per cell, GFP
xpression was detectable at 2 h postinjection and in-

FIG. 4. Sequence-specific nuclear localization and GFP expres-
ion. (A) Nuclear injected pGFP and pGFPDSV40 display similar
atterns and efficiencies of GFP expression. TC7 cells were synchro-
ized by treatment with 50 mM lovastatin for 16 h, washed, and then

ncubated in medium containing serum and 5 mM mevalonic acid for
h before microinjection. Thirty copies of either plasmid were in-

ected into each nucleus of approximately 100–150 cells and assayed
or GFP expression at later times. GFP expression which was re-
orded on an intensity scale of 1 to 5 and relative GFP expression is
iven as the total intensity divided by the total number of injected
ells. (B) Plasmids with or without the SV40 enhancer differ greatly
n their ability to express GFP when injected into the cytoplasm.
hirty copies of either pGFP or pGFPDSV40 were microinjected into

he cytoplasm of approximately 100 cells, synchronized as in (A), and
elative GFP expression was measured. The results shown (A and B)

re representative of four independent experiments.
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718 DEAN ET AL.
reased at later times (Fig. 4B). By contrast, no GFP
xpression was detected in cells that had been cyto-
lasmically injected with the same number of
GFPDSV40 plasmids for as long as 12 h postinjection.
owever, at time points after cell division (16 and
4 h), GFP expression was detected in cells cytoplas-
ically injected with both plasmids and the amount of
FP expression was roughly equivalent (Fig. 4B). This
xpression in cytoplasmically injected cells corre-
ponded to between 25 and 50% of the injected cells
roducing a GFP signal.

uclear Import of Plasmid Is Rate-Limiting for Gene
Expression

GFP expression from pGFP increased with time in
uclear injected cells and the increase in expression
as greatest in cells receiving low concentrations of
lasmid (Fig. 5). For cells receiving 3 copies of plasmid
er cell, expression increased from a relative value of
.06 at 4 h to 0.31 at 24 h. Moreover, at the same
oncentration of plasmid, the absolute percentage of
ells expressing GFP also increased accordingly from 2
o 20% at 4 and 24 h, respectively. While increases
ere also seen at higher concentrations of plasmid,

hey were not as dramatic. At 100 copies per nucleus,
he percentage of cells expressing GFP rose from 20 to
0% between 4 and 24 h, and the relative expression
lso rose 2-fold over the same period. This time depen-
ency of expression, typically 2-fold was also seen in
ytoplasmically injected cells (Fig. 5). Gene expression
as also clearly dose-dependent at all times for both

ytoplasmic and nuclear injected plasmid (Fig. 5). At 4,
, and 24 h, there was a 40-, 3-, and 7-fold increase,
espectively, in relative gene expression in cells receiv-
ng 100 copies compared to 1 copy of pGFP per nucleus.
imilarly, in cytoplasmically injected cells, the differ-
nces in relative gene expression were between 5- and
0-fold over a 100-fold concentration range. Further, a
imilar dose response was observed in nuclear injected
ells for pGFPDSV40. Although the absolute levels of
ene expression seen in each experiment were variable
ith respect to each other, the same trends and results
ere obtained in six independent experiments, repre-

enting over 20,000 microinjected cells.
To determine to what extent nuclear import of plas-
id affects the level of gene expression, we compared

he number of plasmids injected into each compart-
ent needed to produce the same levels of GFP (Fig.

A). At 4 h, about 100 to 300 plasmids must be injected
nto the cytoplasm to give the same level of GFP as
oes 3 to 10 nuclear copies of the same plasmid. By 8 h,
uch of the cytoplasmic DNA has been targeted to the
ucleus, since as few as 10 copies of plasmid injected

nto the cytoplasm gives GFP expression (Fig. 5A).

ompiling data from 6 similar experiments, we find b
hat by 8 h postinjection, roughly 20 times more of the
V40 DNA-containing plasmid must be injected into
he cytoplasm, compared to the nucleus, to yield equiv-
lent gene expression. By contrast, amounts of the
V40-lacking plasmid as high as 1000 copies per cell
ave no gene expression when injected into the cyto-
lasm until 16 to 24 h after injection. Thus, as pre-
icted, disassembly and reformation of the nuclear en-
elope during mitosis allows plasmids to have free
ccess to the nucleus during cell division.

DISCUSSION

While many aspects of nonviral vector design are

FIG. 5. Nuclear import of plasmid DNA is rate limiting for gene
xpression at early times after microinjection. pGFP was microin-
ected into the nucleus or cytoplasm of TC7 cells at the indicated copy
umber per cell and assayed for gene expression at (A) 4 and 8 h and
B) 24 h postinjection. Between 100 and 150 cells were injected for
ach concentration shown. The results shown (A and B) are repre-
entative of four similar experiments.
eing addressed, one critical area that has received
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719NUCLEAR TARGETING OF PLASMIDS
elatively little study is the nuclear import of plasmids.
lasmids must enter the nucleus to function, yet the
ntry mechanisms remain largely unexplored. In the
resent paper, we have defined the sequences neces-
ary for nuclear targeting of SV40 DNA in the absence
f cell division. Although the origin of replication alone
an support minimal nuclear import, the majority of
he import activity resides in the promoter and en-
ancer region. Neither the function of the promoter nor
he origin of replication is needed for efficient nuclear
ocalization. Somewhat surprisingly, two other strong
iral promoter and enhancer sequences, including the
MV immediate–early promoter/enhancer and the
SV LTR, are unable to support nuclear import of
lasmid in the absence of cell division. Using this ob-
ervation, we were able to confirm the necessity of the
V40 sequences for nuclear import by following CMV
romoter-driven GFP expression in plasmids with and
ithout the SV40 promoter/enhancer. This approach
llowed us to decrease the number of plasmids injected
nto the cells and to determine the contribution of
uclear transport of plasmids to gene expression.
hile not playing a crucial role in cells that divide

uring the course of the experiment, nuclear import of
NA plays a significant role in limiting gene expres-

ion in the absence of cell division.
All of our results, as well as those from many other

esearchers, clearly demonstrate that the nuclear en-
elope is a major barrier to gene transfer and expres-
ion [1, 12–14]. Others have shown that nuclear import
s a rate-limiting step in gene expression [12, 14]. In his
eminal microinjection experiments, Capecchi found
hat 50 to 100% of cells injected in the nucleus with
lasmid expressed gene product as compared to only
.01% of those receiving plasmid in the cytoplasm [12].
ore recently, another report has shown that at DNA

opy numbers where 50% of nuclear injected cells dis-
lay expression, only 1% of cytoplasmically injected
ells do so [14]. In these last experiments, significant
ene expression was seen at 4 h postnuclear injection,
ut an additional 8 h was needed to see any expression
hen the plasmids were introduced into the cytoplasm.

nterestingly, both of these studies used plasmids con-
aining no SV40 sequences. Our results are in complete
greement with these results. For plasmids without
he SV40 sequences, more than 12 h are needed to
etect gene expression. Moreover, cytoplasmic injec-
ions are much less efficient than are nuclear injections
Figs. 4 and 5). By contrast, when the SV40 enhancer
equence is present on the plasmid, gene expression is
etected much more rapidly and requires fewer plas-
ids per cell to produce gene product (Figs. 4 and 5 and
ef. [15]). However, while the SV40 enhancer sequence
ust be present for a plasmid to enter the nucleus

efore cell division, at later time points, after the cells

ave undergone a round of cell division and the ensu- t
ng breakdown and reformation of the nuclear enve-
ope, expression from plasmids without SV40 se-
uences would occur. During mitosis, the absence of a
uclear envelope negates the need for an NPC-medi-
ted nuclear import signal. Indeed, this is evident from
he fact that after division, pGFPDSV40 that had been
njected into the cytoplasm was capable of gene expres-
ion.
The ability of the SV40 enhancer to facilitate maxi-
al nuclear localization of plasmid supports our pre-

iously proposed model for nuclear import, which is the
ollowing (Fig. 6). Newly synthesized transcription fac-
ors and DNA binding proteins bind to plasmid in the
ytoplasm to create protein–DNA complexes. These
NA binding proteins are normally destined for the
ucleus and contain nuclear localization sequences
NLSs) necessary for interaction with the nuclear im-
ort machinery (for a review see Ref. [16]). Thus, the
omplex is recognized through the NLS by the protein
mport machinery and is thereby targeted to the nu-
leus [2]. Indeed, in experiments using digitonin-per-
eabilized HeLa cells, we have shown recently that

uclear import of plasmids can occur only when both
uclear extract and recombinant importina, impor-
inb, and RAN are provided; neither nuclear extract
lone nor the purified NLS-import machinery proteins
lone can suffice [17]. Of the 372 bp in the SV40 origin/
romoter region, the enhancer contains the most num-
er of consensus binding sites for such proteins. Thus,
t is not surprising to find that the enhancer mediates

aximal nuclear import, since the majority of tran-
cription factors bind this region. Given the complexity
f transcription, it seems unlikely that one specific

FIG. 6. Model for sequence-specific nuclear import of plasmid
NA. (A) Sequence elements and binding sites for transcription

actors are shown for the 366-bp SV40 DNA nuclear targeting se-
uence. (B) Since these transcription factors are synthesized in the
ytoplasm, once plasmid DNA has entered the cytoplasm by trans-
ection, injection, or infection, the newly synthesized proteins can
ind to the plasmid DNA to form a DNA–protein complex. Thus, the
NA is coated with NLSs from the transcription factors, allowing the
LS-mediated import machinery to recognize DNA as a substrate
nd target it into the nucleus.
ranscription factor mediates DNA binding and nu-
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720 DEAN ET AL.
lear import. More likely, a complex of proteins binds
o the enhancer region and collectively mediates nu-
lear import of the plasmids.

Graessman has used microinjection to identify a
elper activity of the SV40 enhancer in dividing cells
hat increased nuclear import based on subsequent
ene expression [15]. He reported that the AP1 binding
ite was absolutely required for nuclear import, since
ithout it, the SV40 enhancer was unable to stimulate
xpression of a chloramphenicol acetyltransferase re-
orter gene when injected into the cytoplasm vs the
ucleus. However, our results demonstrate that AP1 is
ot essential for nuclear import. AP1 sites are not
resent in pOR(5171–43) (core origin fragment), al-
hough this fragment supports minimal nuclear trans-
ort. Moreover, pOR(200–300) which contains the ma-
ority of the second 72-bp enhancer repeat, but no AP1
ite, also promotes maximal import.
Sequence analysis shows that AP2, a factor shown to

ind to the SV40 enhancer [18, 19] is the only factor
hat binds to pOR(5171–43), pOR(37–160) (GC boxes
nd the first 51 bp of the 72-bp repeat), pOR(128–206)
the first 72-bp repeat), and pOR(200–300) (the major-
ty of the second 72-bp repeat). Further, the potential
P2 binding sites in the enhancer fragments are closer

o the consensus than is the site at the end of the core
rigin fragment. That the hCMViep and the RSV LTR
o not support nuclear import would imply that the
utative transcription factor(s) do not bind to these
romoters. Comparison of the transcription factor con-
ensus binding sequences in these two promoters [20]
nd the sites identified experimentally [21] reveals
hat the binding sites for several transcription factors,
ncluding AP2 and AP3, are not present. To test the
ypothesis that AP2 alone mediates the nuclear import
f SV40 DNA, we tested the smooth muscle gamma
ctin promoter, which contains an AP2 site approxi-
ately 200 bp upstream of the transcriptional start

ite [22]. Plasmids containing fragments of this pro-
oter, ranging from 400 bp to 2.2 kbp, were unable to
ediate nuclear import of the plasmids in TC7 and
V1 cells as analyzed by in situ hybridization [22].
ost likely, AP2 is only one of a larger complex of

roteins that forms on the SV40 promoter/enhancer
egion.

Several recent reports have proposed similar models
or the NLS-dependent nuclear import of DNA. Längle-
ouault et al. have shown that a plasmid containing

he Epstein–Barr virus (EBV) oriP sequence gives al-
ost 100-fold greater gene expression than a plasmid

acking the oriP repeats, either by transfection or cy-
oplasmic injection into cell lines expressing the oriP-
inding nuclear EBNA-1 protein [23]. However, this
ffect is limited to EBV-transformed cells.
Synthetic NLS peptides alone also can increase the
uclear localization of DNA when either covalently o
oupled to the DNA, or when complexed to the DNA by
lectrostatic interactions. When NLS peptides were
ovalently linked to plasmid DNA, plasmids localized
o the nucleus rapidly in digitonin-permeabilized cells
n a classical NLS-dependent manner [24]. Unfortu-
ately, these altered plasmids were unable to enter the
uclei of microinjected cells or give significant gene
xpression, calling into question the relevancy of this
pproach to increase in vivo gene transfer [24]. By
ontrast, when synthetic NLS peptides were com-
lexed with plasmid DNA and microinjected into the
ytoplasm of zebrafish embryos, increased nuclear lo-
alization of plasmids was observed, as was increased
ntegration and expression of the transgene [25–28].

ore recently, using an NLS peptide covalently linked
o a hairpin oligonucleotide at one end of the gene, it
as demonstrated that even a single NLS bound to a
.3-kbp capped DNA molecule causes increased nu-
lear targeting and gene expression [29]. Finally, sev-
ral other reports have demonstrated that incorpora-
ion of DNA-binding proteins such as histone H1 or
MG proteins into liposomes can increase transfection

fficiencies, presumably due to an increased nuclear
argeting event [30–32].

By in situ hybridization experiments, there appears
o be a quantal nuclear import response: the injected
NA is either entirely cytoplasmic or almost entirely
uclear ($80%; Fig. 3) [2]. At first inspection, this
nding is paradoxical, since this nuclear DNA has neg-

igible effect on gene expression. By 8 h postinjection,
ssentially all of the injected DNA accumulated within
he nucleus (Fig. 3A), but the level of GFP expression
as only 10 to 30% of that found in cells receiving the

ame number of plasmids injected directly into the
ucleus (Figs. 4 and 5). The differences in the level of
xpression after nuclear and cytoplasmic injections
ay likely arise from the fact that gene expression is a

ime-dependent process. While the majority of the cy-
oplasmically injected DNA may have reached the nu-
leus by 8 h postinjection, much of it has not yet begun
o express. Indeed, even in the nuclear injections, GFP
evels increase with time (Figs. 4 and 5). Furthermore,
ince GFP is a stable protein with a half-life of greater
han 24 h in cells, the levels of GFP should remain
igher in nuclear injected cells than in cytoplasmically

njected cells at all times because the DNA is available
o the transcription machinery longer, and hence, more
FP will accumulate in the cells, giving greater appar-
nt gene expression.
It is somewhat surprising that the hCMViep and the

SV LTR sequences do not promote plasmid nuclear
mport, especially since they are two of the strongest
romoters identified to date for use in cell culture and
n muscle [10, 11]. In transfection experiments this is
ot surprising since most transfections are performed

n subconfluent cells that are incubated for 24 to 48 h,
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721NUCLEAR TARGETING OF PLASMIDS
llowing at least one round of cell division and access to
he nucleus during the transient breakdown of the
uclear envelope. However, both of these promoters
enerate very high levels of gene expression when in-
ected into mouse quadricep muscles that are made up
f postmitotic, terminally differentiated myotubes [10,
1]. Thus, these plasmids gain access to the nuclei of
hese cells [33]. One possible explanation for this par-
dox is that plasmids lacking the SV40 enhancer se-
uences are preferentially degraded in the cytoplasm,
ecreasing their numbers so that any entrance into the
ucleus would be undetectable. However, it should be
oted that good expression can be detected at 24 h with
s few as 10 copies of pGFPDSV40 injected into the
ytoplasm, a finding that suggests that very little deg-
adation of the plasmid occurs. This conclusion is sup-
orted by others who have found little degradation of
lasmid DNA in microinjected or transfected cells [15,
4], although there is no consensus in the field regard-
ng DNA degradation in transfections [35]. An alterna-
ive explanation for our finding that the hCMViep and
SV LTR are incapable of targeting plasmids to the
ucleus is that these plasmids are indeed capable of
ediating nuclear import of plasmid DNA, but do so

ery slowly, requiring greater than 24 h. In the exper-
ments described here we would detect such slow NPC-

ediated nuclear import since our cells have under-
one division by this time.
In summary, the inclusion this SV40 sequence in

onviral vectors greatly increases their ability to be
ransported into the nucleus and lead to increased
evels of gene expression, especially in nondividing
ells.
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