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Abstract

Background: The cytomegalovirus immediate early
(CMV IE) promoter has been widely used for heterolo-
gous expression. Further enhancements of gene expres-
sion from this potent promoter may allow for the devel-
opment of improved gene transfer strategies. We aimed
to determine whether inclusion of the first exon (5'
untranslated) and first intron of the CMV IE gene would
increase heterologous transgene expression in primary
target cells and to determine the sequences required for
any observed increases.
Materials and Methods: Comparisons of reporter gene
expression were made following transient transfection of
vascular smooth muscle cells (VSMCs) with plasmids
containing the first exon and intron from the CMV IE
gene or deletional mutations. Comparisons were also
made using a heterologous promoter (RSV).
Results: Gene expression from the CMV IE promoter

was increased 5.7-fold in VSMC with the inclusion of the
first exon and intron. Similar increases were seen with
other target cells and from the heterologous RSV pro-
moter. This increase was associated with an increase in
steady-state mRNA. Deletion analyses demonstrated that
the enhancement was dependent on the presence of the
5' portion of the first exon while deletion of large seg-
ments within the intron was associated with similar lev-
els of expression compared with the parental plasmid.
Conclusions: Inclusion of the first exon and intron from
the CMV IE gene increases expression from the CMV IE
promoter. This enhancement is seen with the heterolo-
gous RSV promoter and is associated with an increase in
steady-state mRNA. Deletion analyses suggest that this
enhancement is associated with inclusion of sequences
within the 5' portion of the first exon and inclusion of an
intron.

Introduction
A goal of gene transfer is to modulate gene ex-
pression in host cells by the introduction of genes
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encoding native or foreign proteins. Although
viral vectors have several actual and theoretic
advantages over nonviral vectors, limitations re-
lated to their immunogenicity and toxicity re-
main. Nonviral gene transfer has several impor-
tant features, including its overall safety and lack
of toxicity, but has been limited by the duration
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and extent of recombinant gene expression in
primary target cells (1,2). The use of plasmid
DNA to express transgenes from skeletal muscle
for either systemic expression or immunization
in vivo has been an important demonstration of
its potential (3). Strategies to improve the effi-
cacy of nonviral vectors include the development
of new cationic liposomes and the development
of enhanced expression plasmids. Novel cationic
liposomes, including GAP DLRIE/DOPE (4,5)
have increased in vivo gene expression. En-
hancement of gene expression from plasmids
might be obtained by developing plasmids that
are capable of episomal replication (6), by creat-
ing tissue specificity, or by altering the regulation
of gene expression from the plasmid. The cyto-
megalovirus immediate early (CMV IE) pro-
moter has been widely used as a potent consti-
tutive viral promoter in expression plasmids for
nonviral transfection (7,8). Addition of intronic
sequences to expression plasmids has been
shown to increase transgene expression in tran-
sient transfections in some transformed cell lines
(9,10) and in the development of transgenic an-
imals (11,12). It has been suggested that the 5'
untranslated portion (first exon) and first intron
of the CMV IE gene may be involved in the
regulation of gene expression (9,10) from the
CMV IE promoter. However, the extent and
mechanism of regulation may vary with target
cell and the transgene to be expressed. To in-
crease gene expression following nonviral deliv-
ery of DNA, we investigated whether addition of
untranslated sequences from the CMV IE gene
would increase transgene expression in vascular
smooth muscle cells (VSMCs), a target for vas-
cular gene transfer, and to determine the se-
quences required for this effect.

Materials and Methods
Plasmid Development
The eukaryotic expression plasmid pCMVintCAT
was obtained from Vical Inc. (San Diego, CA); it
expresses the chloramphenicol acetyl transferase
gene under the control of the CMV IE enhancer/
promoter (Fig. 1). This plasmid also contains the
first exon (5' untranslated) and first intron from
the CMV IE gene and a bovine growth hormone
polyadenylation sequence. The plasmid pCMV-
CAT contains the same backbone as pCMVint-
CAT with the entire 5' untranslated and first
intron sequences deleted. The plasmid pCMVint-
(SacII)CAT contains 69 bp of the 5' untranslated

I

Fig. 1. A map of the plasmid pCMVintCAT in-
cluding restriction sites used to develop dele-
tional mutations.

sequences with deletion of the intron. The plas-
mid pCMVint(S/N)CAT contains an internal in-
tron deletion from the SphI restriction site to the
NcoI restriction site and contains 72 bp of the
intron. The plasmid pCMVint(X/N)CAT contains
an internal intron deletion from the XcmI restric-
tion site to the NcoI restriction site and contains
179 bp of the intron. The plasmid pCMVint(S/
H)CAT contains an internal intron deletion from
the SphI restriction site to the HpaI restriction site
and contains 165 bp of the intron. The plasmid
pCMVint(X/H)CAT contains an internal intron
deletion from the XcmI restriction site to the HpaI
restriction site and contains 273 bp of the intron.

The plasmid pRSVCAT expresses CAT under
the control of the RSV promoter with the bovine
growth hormone polyadenylation signal. The
plasmid pRSVintCAT contains the 5' untrans-
lated and first intron from the CMV IE gene
upstream of the CAT cassette. The plasmid pRSV-
int(SacII)CAT contains 69 bp of the 5' untrans-
lated sequences with deletion of the intron. All
plasmids were purified by double cesium chlo-
ride banding.

Transfection Protocol

Porcine aortic vascular smooth muscle cells were
obtained by standard explantation methods and
used for transfection studies within the first six
passages (1 3). Cells were grown to 30 -40%/o con-
fluence in 6- or 24-well plates (for duration of
expression studies) in Medium 199 (Gibco/BRL)
containing 10% fetal bovine serum. Cells were
washed twice with phosphate-buffered saline
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Fig. 2. Enhanced gene expression using the
untranslated sequences from the CMV IE gene.
The eukaryotic expression plasmid pCMVintCAT was
obtained from Vical Inc. (San Diego, CA) and ex-
presses the chloramphenicol acetyl transferase gene
under the control of the CMV IE enhancer/pro-
moter. This plasmid also contains the 5' untranslated
and first intron from the CMV IE gene and a bovine
growth hormone polyadenylation sequence. The
plasmid pCMVCAT contains the same backbone as
pCMVintCAT with the entire 5' untranslated and
first intron sequences deleted (BsmBI to EcoRV). Por-

cine aortic vascular smooth muscle cells were ob-
tained by standard explantation methods and used
for transfection studies within the first six passages.
Cells were grown to 30-40% confluence in 6-well
plates in Medium 199 (Gibco/BRL) containing 10%
fetal bovine serum and transfected with 5 ,tg of plas-
mid DNA and 10 jig of a cationic liposome, DMRIE/
DOPE (Vical) (23). Transfections were performed in
triplicate. Detection of CAT activity was performed
as previously described (14). *p = 0.002 using un-
paired two-tailed Student's t-test.

(PBS) prior to addition of DNA liposomes. DNA
liposomes were prepared by adding 5 ,ug of plas-
mid DNA to 0.5 ml of Opti-MEM (Gibco/BRL). A
cationic lipid, DMRIE/DOPE (Vical), was pre-
pared by adding 10 ,ug of DMRIE/DOPE to 0.5 ml
of Opti-MEM (Gibco/BRL). Prior to transfection,
the DNA solution was added to the liposomes
and gently mixed. The transfection solution was
then added to each well and plates were kept at
37°C for 2 hr. Following transfection, the cells
were washed twice with PBS, Medium 199 was
added and the cells were kept at 37°C. The cells
were harvested at 1, 5, 9, or 20 days following
transfection. Transfections were performed in
triplicate. Transfections were performed in an
identical fashion for 293 cells (American Type
Culture Collection, Rockville, MD).

CAT Assay

To determine the extent of CAT expression
within each sample, protein was extracted by
freezing and thawing three times. Protein was
quantified by means of a calorimetric assay (Bio-
Rad, Hercules, CA). The amount of protein used
in each assay was the same among each group of
comparisons and ranged from 0.2 ,ug to 20 ,ug.
CAT activity was determined during a 20- to
30-min incubation as previously described (14)
and expressed as % acetylation of [C 14] chloram-
phenicol.

Northern Blot Analysis

293 cells were grown in 10-cm dishes and trans-
fected with either pCMVCAT or pCMVintCAT as
above. Nontransfected 293 cells were used as
controls. Cells were harvested 24 hr after trans-
fection. Total RNA was isolated using RNAZOL B
(Tel-Test, Inc., Friendswood, TX). Northern blot
analysis was performed using standard tech-
niques (Northern Max, Ambion Inc, Austin, TX).
Briefly, 20 ,ug of total RNA was electrophoresed
on a 1% denaturing formamide gel and trans-
ferred to a nitrocellulose membrane using the
Turbo Blot (Schleicher & Schuell; Keene, NH)
method of capillary transfer. Membranes were
cross-linked, then prehybridized for 2 hr at 42°C,
followed by hybridization overnight at 420C with
a random prime-labeled (a-32P-dCTP) cDNA
probe (Prime It II Random Prime Labeling Kit,
Stratagene, La Jolla, CA). CAT mRNA bands
were subsequently visualized on X-ray film. To
control for variations in RNA loading, mem-
branes were stripped of previous labeled CAT
probe by boiling in 1% SDS solution and rehy-
bridized with a cDNA probe to human GAPDH
(Ambion).

Statistics

Results are expressed as a mean and a standard
error of the mean (S.E.M.). Each transfection
was treated as an independent observation.

I
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GAPDH

Fig. 3. Addition of 5' sequences from CMV IE
gene is associated with an increase in steady-
state mRNA. Northern analysis of RNA from 293
cells transfected with pCMVintCAT (lane 2) or pCM-
VCAT (lane 3) with nontranfected 293 cells (lane 1).
The upper band (1.6 kb) (dotted arrow) is the pre-

dominant band from pCMVintCAT transfections
compared with the expected 0.7 kb band (solid ar-
row) also seen in the pCMVCAT transfections con-
sistent with CAT mRNA.

Comparisons were made between samples when
identical amounts of protein and incubation
times were used and thin-layer chromatography
was performed simultaneously. The means of
groups were compared by an unpaired two-
tailed Student's t-test or by analysis of variance
(ANOVA) with Dunnet t-test. Statistical signifi-
cance was assumed if a null hypothesis could be
rejected at the 0.05 level.

Results
To examine the effect of the entire CMV IE un-

translated sequences on transgene expression in
VSMCs, comparisons were made between pCM-
VintCAT and pCMVCAT. Addition of the com-

plete untranslated sequence from the CMV IE
gene downstream of the CMV enhancer/pro-
moter resulted in a 5.7-fold increase in gene

expression (p = 0.002) (Fig. 2). A similar en-

hancement was seen in other cell types, includ-
ing peripheral blood lymphocytes and human
embryonic kidney (293) cells (data not shown).

To determine the mechanism for this en-

hancement, Northern blot analyses were per-
formed. Transfections were performed and RNA

was isolated 24 hr following transfection. These
studies demonstrate an increase in steady-state
RNA associated with the inclusion of the 5' un-
translated sequences. However, this increase is
primarily due to the presence of a higher-molec-
ular-weight (MW) band from the cells trans-
fected with pCMVintCAT (Fig. 3). The high-
er-MW (1.6 kb) form from the pCMVintCAT
transfected cells was the dominant band com-
pared to the 0.7 kb band expected for CAT seen
with both transfections. Thus, the increase in
transgene expression with inclusion of the 5'
untranslated sequences was associated with a
dominant higher-MW form of RNA than that
expected for CAT mRNA.

To determine the requirements for the 5'
untranslated exon and the first intron, a series of
deletional mutations was created using inherent
restriction sites (Fig. 4A). Large internal deletions
from within the intron failed to significantly de-
crease gene expression (65-10 1 %), although the
larger deletions were associated with a trend to-
ward lower gene expression. Deletion of the en-
tire intron and the 3' portion of the first exon
[pCMVint(Sac II)CAT] decreased gene expres-
sion by 56% (p = 0.01). This deletion spares the
sequences from the 5' untranslated sequences
previously identified as a positive regulatory do-
main (15).

To determine the effects of these sequences
on the duration of gene expression following
transfection, transfected VSMCs were main-
tained without splitting for up to 20 days. The
pattern of decline in gene expression over time
was similar to the comparison at 1 day; internal
intron deletions did not affect the extent of gene
expression, while deletion of the entire intron
decreased gene expression (Fig. 4B). The degree
of expression at any point appeared to be more
dependent on the overall initial degree of expres-
sion rather than the rate of the decline in expres-
sion over time.

To determine the effects of adding the 5'
untranslated sequences downstream of a pro-
moter with lower basal activity, a series of similar
constructs were made with the RSV promoter.
Addition of the entire untranslated sequences
resulted in increased expression in VSMCs by
10.3-fold (Fig. 5) (p = 0.02). The addition of the
first 69 bp of the 5' untranslated sequence from
the CMV IE gene increased gene expression to a
nonsignificant degree in VSMCs by 1.83-fold
(p = NS). Therefore, the enhanced expression
with addition of untranslated sequences from the
CMV IE gene is not specific for expression from
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Fig. 4. Deletion analysis
of pCMVintCAT. (A) CAT
activity 24 hr after transfec-
tion relative to pCMVintCAT.
*p = 0.01 compared to pCM-
VintCAT by analysis of vari-
ance (ANOVA) with Schef-
fe's F-test. (B) Time course
of transgene expression from
plasmids containing untrans-
lated sequences from the
CMV IE gene. See text for
description of plasmids.Days

the CMV IE promoter but is present with a het-
erologous viral promoter. The degree of increase
with these sequences is greater than with the
homologous promoter perhaps because the CMV
promoter/enhancer is 100-fold more active than
the RSV promoter in this system (data not
shown).

Discussion
Gene transfer studies may provide important in-
sights into the pathophysiology and potential

treatments of human disease. A limitation of
gene transfer has been the difficulty in obtaining
high levels of gene expression using nonviral
methods of transfer. Vascular smooth muscle
cells are potential targets for the treatment of
vasculoproliferative diseases, such as restenosis
and atherosclerosis. Although virally mediated
gene transfer has proven effective in VSMCs,
there are several advantages to nonviral ap-
proaches, including the lack of toxicity and sim-
plicity. The safety of DNA liposomes and DNA
alone have now been documented in several
animal toxicity and human trials (1,15-20).
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Fig. 5. Comparison of transgene expression from plasmids containing RSV promoter and untranslated
sequences from CMV IE gene. See above for description of plasmids. *p < 0.05 compared to pRSVCAT by anal-
ysis of variance (ANOVA) with Scheffe's F-test.
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In this report, gene expression using nonvi-
ral methods was enhanced by the addition of
untranslated sequences from the CMV IE gene.
Gene expression from the CMV IE promoter was
increased 6-fold in target cells. This enhance-
ment with these untranslated sequences is asso-
ciated with a dominant higher-MW form of RNA
than that expected for CAT. A previous study by
Chapman et al. also noted this higher-molecular-
weight form of RNA associated with this intron,
but they attributed this form to read-through of
the weak SV40 polyadenylation sequence that
was used in their study (9). Our study differs
from this study in that our plasmids used the
bovine growth hormone polyadenylation se-
quence and comparisons to intronless plasmids
were performed. It is the presence of this high-
er-MW form that differentiates between the re-
sults from the two constructs. A possible expla-
nation for this higher-MW form of RNA might be
that it is unspliced and that its presence is asso-
ciated with increased protein expression in these
steady-state studies.

Deletion analyses demonstrated that the en-
hancement was dependent upon the presence of
the 5' untranslated exon and the presence of an
intron. Deletion of large segments within the
intron was associated with similar levels of ex-
pression compared with the parental plasmid.
The greater degree of expression was seen
throughout the time course of in vitro expres-
sion, but was not associated with a different time
course of extinction. Expression from the weaker
heterologous RSV promoter was increased 10-
fold with inclusion of these nontranslated se-
quences. Thus, the enhancement observed with
inclusion of the sequences is not limited to the
homologous promoter and is dependent on in-
clusion of sequences within the first exon and at
least a minimal intron.

Intronic sequences may increase gene ex-
pression from plasmids by either stabilizing
mRNA by splicing or polyadenylation (21) or by
acting as an enhancer (22), and they have been
used to enhance transgene expression in trans-
genic animals (11,12). Some functional analyses
of the 5' untranslated and intron from CMV IE
gene have been reported previously. A regula-
tory domain within the first exon was identified
by Ghazal and Nelson and was shown to en-
hance the number of functional initiation com-
plexes by binding two discrete cellular proteins,
named leader transcription factors A and B
(LTFA and LTFB) (10). A separate analysis of the
entire untranslated sequence demonstrated a

variable effect on expression associated with an
NF1 site within the first intron (9). This variabil-
ity appeared to be due to the specific transgene
expressed.

The current studies were designed to deter-
mine whether inclusion of these untranslated
sequences would enhance expression in target
cells for gene transfer. In these studies, the sig-
nificance of the initial portion of first exon is
demonstrated by a 3-fold increase in gene ex-
pression. This increase may be due to the pres-
ence of the sequence previously shown to bind
LTFA and LTFB. The additional increase in ex-
pression seen with the intron does not appear to
be related to the NF1 site as previously described.
This site was deleted from all of the internal
intron deletions without a significant decrease in
gene expression. However, the presence of a
minimal intron is associated with increased gene
expression, suggesting either a transcriptional or
post-transcriptional mechanism, such as mRNA
stability as shown in previous studies. Taken to-
gether, these findings suggest that the inclusion
of the first exon and intron from the CMV IE
gene increases gene expression in transient
transfections in VSMCs. This increase is seen in
the presence of heterologous promoters and is
dependent on the presence of the untranslated
exon and a minimal intron. These findings might
be used to develop potent gene delivery strate-
gies that could achieve biological effects and
avoid the potential toxicity of viral strategies.
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