acceptor for specific interaction. Possible
acceptors within the basic domain include
the side chain of glutamine and the peptide
backbone (27), either of which may form H-
bonds with one or both of the invariant G-C
base pairs in the minimal Tfr38 binding
domain. Another essential feature is likely to
be recognition of a kinked structure (29)
introduced by the pyrimidine bulge. Thus
both sequence and structure of a limited
TAR region contribute to specific recogni-
tion by the COOH-terminal domain of Tat.
The data presented here are consistent
with and offer a basis for physical interpreta-
tion of a subset of the genetic data identify-
ing elements of TAR or Tat that are re-
quired for transactivation in vivo. Our ex-
periments delineate minimal protein and
RNA elements that have pivotal roles in an
interaction vital to the HIV-1 life cycle.
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Site-Specific Gene Expression in Vivo by Direct Gene
Transfer into the Arterial Wall

EL1ZABETH G. NABEL,* GREGORY PLAUTZ,* GARY J. NABEL

A recombinant B-galactosidase gene has been expressed in a specific arterial segment in
vivo by direct infection with a murine amphotropic retroviral vector or by DNA
transfection with the use of liposomes. Several cell types in the vessel wall were
transduced, including endothelial and vascular smooth muscle cells. After retroviral
infection, a recombinant reporter gene was expressed for at least 5 months, and no
helper virus was detected. Recombinant gene expression achieved by direct retroviral
infection or liposome-mediated DNA transfection was limited to the site of infection
and was absent from liver, lung, kidney, and spleen. These results demonstrate that
site-specific gene expression can be achieved by direct gene transfer in vivo and could
be applied to the treatment of such human diseases as atherosclerosis or cancer.

ESPITE RECENT ADVANCES IN THE
understanding of eukaryotic gene
structure and regulation, a major
obstacle to the therapeutic management of
human disease remains the site-specific
expression of genes in vivo. Although tissue-
specific gene expression can be determined
by enhancer or other cis-acting regulatory
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elements, this expression might also be
achieved through the delivery of vectors to
specific anatomic sites in vivo. We have
previously demonstrated that a recombinant
gene can be expressed in the vasculature by
means of genetically modified endothelial
cells implanted at specific sites on the arterial
wall (7). Because these studies required that

syngeneic cell lines be established before
genetic modification, adaptation to the
treatment of human disease remained cum-
bersome. We now report that a recombinant
gene can be efficiently expressed at a specific
site in vivo by direct introduction of genetic
material at the time of catheterization.

The retroviral vector (2) was derived from
the Moloney murine leukemia virus and
utilized the promoter from the chicken B-
actin gene to express [-galactosidase
mRNA. Viral particles from the supernatant
of transfected WCRIP retrovirus packaging
cells (3) were concentrated by centrifugation
(10* to 10° particles per milliliter) and in-
stilled into Yucatan or outbred pig iliofe-
moral arteries. These animals provide an
experimental model for atherosclerosis when
fed a high-fat diet (4). After anesthesia and
surgical exposure, a catheter was inserted as

Departments of Internal Medicine and Biological Chem-
istry, Howard Hughes Medical Institute, University of
Michigan Medical Center, Ann Arbor, MI 48109-0650.

*This work resulted from an equal contribution by the
first two authors.
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previously described (1), and the proximal
and distal balloons of the catheter were
inflated, creating a protected space into
which B-galactosidase—transducing retrovi-
rus was introduced. Polybrene was included

Fig. 1. Analysis of the arterial wall infected with
B-galactosidase—transducing retrovirus in vivo. -
Galactosidase activity was documented by histo-
chemical staining in a segment of (A) normal
control artery that was sham-infected or segments
infected directly with the replication-defective 8-
galactosidase retroviral vector and an: after
(B) 8 weeks or (C) 21 weeks, and (D) segments
transduced by liposome transfection after 4 days.
The B-galactosidase—transducing Moloney mu-
rine leukemia virus vector, prepared from WCRIP
cells (3), was used to generate viral particles,
which were filtered and concentrated by centrifu-
gation as previously described (14). Female Yuca-
tan or outbred pigs were anesthesized with pento-
barbital and underwent sterile surgical exposure
of the iliofemoral arteries. To introduce the retro-
virus, we inserted a double balloon catheter (C.
R. Bard, Inc.) into the iliofemoral artery. Both
balloons were inflated, and the segment was
irrigated with heparinized saline. In some in-
stances, the arterial segment was partially denud-
ed by inflation and passage of the proximal bal-
loon, but was not required for infection. The viral
supernatant was instilled for 30 min in the central
space of the catheter, with polybrene (8 pg/ml)
added after introduction of the virus. The catheter
was removed, and antegrade blood flow was
restored. The vessel segments were excised 10
days to 21 weeks later. A portion of the artery was
placed in 1.25% glutaraldehyde for 15 min fol-
lowed by histochemical staining as described (1,
5). Liposomes containing B-| idase were
prepared by combining 30 ug of DNA from a B-

idase expression vector (14) and 100 pul of
N-[1-(2,3-dioleyloxy)propyl]- N, N, N-trimethyl-
ammonium chloride (DOTMA) and dioleoyl
phosphatidylethanolamine (DOPE) (Bethesda
Research Laboratories) in serum-free medium.
Anesthesia, s , and catheter placement were
performed in five outbred pigs as described
above. The arterial segment was rinsed with mini-
mum essential medium (opti-MEM, Bethesda
Research Laboratories), and the liposomes were
instilled through the catheter into the arterial
central space for 30 min. Blood flow was restored
after removal of the catheter. Arterial segments
were removed 4 to 42 days later. Segments were
fixed in 1.25% glutaraldehyde for 15 min fol-
lowed by incubation in X-gal chromagen (1, 5).
(Magnification, X18.)
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after instillation of the virus to improve the
efficiency of infection.

Arterial segments were analyzed for the
presence of B-galactosidase activity at differ-
ent times after infection in ten animals.
Incubation of infected tissue with the X-gal
chromagen (5) revealed visible areas of blue
coloration, indicative of B-galactosidase ac-
tivity in cells infected by the retrovirus. B-
Galactosidase activity was absent from
sham-infected control segments (Fig. 1A),
but was evident at all times after infection
with virus, ranging from 10 days to 21
weeks (Fig. 1, B and C, and Table 1).

Optimal expression was observed between 2
and 3 months after infection (Fig. 1B). Site-
specific gene transfer was also achieved by
transfecting arterial segments in vivo with
the use of liposomes containing a B-galacto-
sidase expression vector plasmid. Arterial
segments analyzed by X-gal staining re-
vealed extensive blue coloration after 4 days
(Fig. 1D) and persisted for at least 6 weeks
after transfection (6).

Microscopic examination of vessels trans-
duced by either technique revealed B-galac-
tosidase activity in all layers of the arterial
wall, including the intima, media, and ad-

Table 1. Direct infection of arterial wall with B-galactosidase—transducing retrovirus. Yucatan or
outbred pig iliofemoral arteries were infected with the indicated titers of B-galactosidase—producing
virus and removed from 10 days to 21 weeks after infection. Tissue staining of random sections from
lung, liver, kidney, and femoral artery distal to the site of infection was assessed after incubation with X-
gal chromagen. The presence of replication-competent helper virus or reverse transcriptase was assayed
with either platelet-poor plasma or supernatant from unstimulated or stimulated peripheral blood
lymphocytes in tissue culture (16). Intensity of arterial staining (column 3) was judged by visual
inspection, with segments from Fig. 1B representative of +++ and Fig. 1C of +. Abbreviations: NT,
not tested; PBL, peripheral blood lymphocytes; U, unstimulated; S, stimulated; —, negative.

Helper virus assay Reverse
pig  Durstion Arncrial Vil Tissue criptase
(days) staining (x10% staining PBL
Plasma

U S U S

Control 10 - 0 - - - - - -
1 10 +++ 1.5 NT - NT NI NI NT
2 11 +++ 26 NT - NT NI NI NT
3 11 +++ 0.1 NT - NT NI NI NT
4 10 +++ 0.4 - - NT NI NI NT

5 56 +++ 2.8 - - - - - -

6 91 ++ 3.0 - - - - - -

7 91 ++ 8.0 - - - - - -

8 112 + 25 - - - - - -

9 119 ++ 14 - - - - - -

10 147 + 1.3 - - - - - -

Fig. 2. Microscopic analysis of B-galactosidasc—expressing cclls in arterial scgments. Microscopic

sections were by histochemical staining for B-galactosidase activity in the intimal and medial
layers of arteries removed at (A) 10 days after retroviral infection (B) 4 days after liposome transfection,
in (C) the advential layer 10 days after retroviral infection, or in (D) control sham-infected arteries 10
days after infection. Ten-micrometer frozen sections (A, C, and D) were incubated in 1.25%
glutaraldehyde and stained with X-gal as described (1, 5). Arterial segments fixed in 1.25%
glutaraldehyde and stained with X-gal were embedded in glycol methacrylate and sectioned
at 7-pm thickness (B). (Magnification: x250.)
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ventia (Fig. 2, A through C), but not in
control arteries (Fig. 2D). To determine
which cell types within the vessel wall were
infected by the retroviral vector, we per-
formed immunohistochemical analyses. The
identity of smooth muscle cells was con-
firmed by treating with a mouse monoclonal
antibody specific for smooth muscle (anti-
actin; Sigma), and then with a horseradish
peroxidase—coupled antibody against mouse
immunoglobulin G (IgG). When incubated
with peroxidase substrate, areas of blue col-
oration representing B-galactosidase activity
in the intima and media were counterstained
red (Fig. 3A, sec arrows), confirming the
presence of smooth muscle actin in the B-
galactosidase—expressing cells. When the
anti-actin was omitted, peroxidase staining
was absent (6). Thus, vascular smooth mus-
cle cells represent a cellular target of retrovi-
rus infection in the arterial wall.

Endothelial cells within the intimal layer
were identified by their ability to endocytose
fluorescent acetylated low density lipopro-
tein (AcLDL), in contrast to fibroblasts,
vascular smooth muscle, and other mesen-
chymal cells, which do not express function-
al AcLDL receptors (7). Cells were identi-
fied on the lumenal surface of the artery,
which displayed both B-galactosidase activi-
ty (Fig. 3B) and AcLDL uptake (Fig. 3C),
demonstrating that endothelial cells were
also a target of retroviral infection. No
evidence of inflammation was detected in
these vessel segments (Fig. 2, A through C,
and Fig. 3, A and B). In some instances,
hyperplasia was observed in the intimal layer
of both infected and sham-infected arteries
(Fig. 2A) (8). This type of hyperplasia is
commonly seen in catheter-induced arterial
injury (9), and these replicating cells could
represent a target for viral infection. Micro-
scopic examination of arteries transfected
with liposomes containing DNA also re-
vealed B-galactosidase activity in endothelial
and vascular smooth muscle layers (Fig.
2B). These data suggest that both methods
of gene transfer allow expression of recom-
binant genes in endothelial, vascular smooth
muscle, and other cell types.

In order to ensure the safety of site-
specific gene expression by direct retroviral
infection in vivo, it is essential that the
generation of replication-competent helper
virus be negligible and that the sites of
infection be controlled in vivo. The presence
of replication-competent helper virus in in-
fected animals was assayed in several ways.
Serum from each minipig was tested for the
presence of virus at the time of instillation
and analysis. The retroviral vector was not
detected in the serum after the initial retro-
viral infection or during analysis of arterial
segments in all animals, up to 5 months after
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Fig. 3. Cell-specific localization of B-galactosidase activity in infected arteries. Vascular smooth muscle

cells were identified by immunohistoch with (A) primary antibody anti-actin; the second
antibody was coupled to peroxidase. Endothelial cells in sequential sections of artery were analyzed for
expression of (B) B-galactosidase and (C) fluorescent AcCLDL uptake in the intima. Black arrows
indicate representative cells that coexpress B-galactosidase and smooth muscle actin (A), and white
arrows indicate endothelial cell layer (B and C). To identify vascular smooth muscle cells, we incubated
glycol methacrylate-embedded sections from previously fixed, X-gal chromagen—stained arteries with
monoclonal anti-actin (Sigma) (15 pg/ml) in the presence of 1% horse serum. Peroxidase-coupled
horse antibody to mouse IgG (Vector Laboratories) (4 pg/ml) was used as the second antibody, and
peroxidase staining was developed with 3-amino-9-cthylcarbazole (AEC) (Sigma) according to
standard procedures (15). In order to identify endothelial cells, arterial segments excised 10 days after
retroviral infection were incubated with fluorescent AcLDL (1,1’-dioctadecyl-3,3,3',3’-tetramethylin-

docarbacyamnc perchlorate) (Biomedical Technologies) (10 pg/ml) for 4 hours at 37°C and frozen for
sectioning. Ten-micrometer sections were fixed in 1.5% paraformaldehyde for 5 min and visualized by
phase-contrast or fluorescent microscopy. A contiguous section of the same arterial segment was fixed
in 1.25% glutaraldehyde for 5 min, rinsed in phosphate-buffered saline, and stained with X-gal

chromagen. Because these sections represent adjacent portions of the same cell, the same endothelial

cells could be identified as displaying

both recombinant B-galactosidase activity and AcLDL fluores-

cence. [Magnification: (A) %250, (B and C) x400.]

infection (Table 1). In addition, reverse
transcriptase and helper virus activity were
absent from culture supernatants of unst-
mulated or mitogen-stimulated lymphocytes
from six pigs examined (Table 1). Examina-
tion of B-galactosidase activity elsewhere in
the same vessel and in organs not directly
exposed to the retrovirus revealed no X-gal
staining. In addition, no B-galactosidase was
observed in gross or random microscopic
sections from the liver, lung, or kidney,
except for cells with endogenous activity
(Table 1). Because splenic tissue contained
extensive endogenous B-galactosidase activi-
ty, it could not be evaluated by the X-gal
chromagen; however, no evidence of provi-
rus was found by means of the polymerase
chain reaction (PCR) (10). In the case of
liposome transfection, B-galactosidase activ-
ity was not detected in other tissues with
PCR (10), provided that liposomes did not
pass into the systemic circulation after cathe-
terization.

These studies demonstrate that a recombi-
nant gene can be delivered to a specific site
by direct gene transfer in vivo by means of
infection with a retroviral vector or DNA
transfection with liposomes. A major advan-
tage of these approaches is the ease of gene
delivery and its widespread applicability. In
several earlier studies, endothelial cells were
used as a vector to deliver a recombinant

_gene (1, 2, 11). Although this method was

effective, it required that cells syngeneic to
the recipient animal be prepared and trans-
duced, which took several wecks to pre-
pare. Direct retroviral infection and lipo-
some transfection allow the introduc-
tion of recombinant genes into any site
accessible to a catheter without advanced
preparation.

Because this approach minimizes poten-
tial complications, it may prove beneficial in
the treatment of a variety of inherited and
acquired diseases. In cardiovascular disease,
for example, common complications of per-
cutaneous translumenal coronary angio-
plasty (PTCA) include acute closure and
restenosis at the site of disruption of the
atherosclerotic plaque, produced by throm-

-bus formation and vascular smooth muscle

cell proliferation, respectively (9, 12).
Recombinant genes that exert an antithrom-
botic effect or inhibit smooth muscle cell
proliferation could be delivered directly to
the PTCA site in order to prevent thrombo-
sis or restenosis. Cell-specific expression of
such genes might be further refined through
the use of tissue-specific enhancer elements
in the retroviral vector. Site-specific gene
expression might also prove useful in the
treatment of malignancy. The expression of
recombinant cytokines in malignant cells,
for example, has been shown to provide an
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antitumor effect (13). Infection of the tumor
vasculature with retroviral vectors that ex-
press immunologic activators could provoke
a local response, which might enhance tu-
mor rejection.
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5-Methylcytosine as an Endogenous Mutagen in the
Human LDL Receptor and p53 Genes

WiLLiam M. Ripeour III, GERHARD A. COETZEE, ARIA F. OLuMmI,

PETER A. JONES*

Direct genomic sequencing revealed that cytosine residues known to have undergone a
germ-line mutation in the low density lipoprotein receptor gene or somatic mutations
in the p53 tumor suppressor gene were methylated in all normal human tissues
analyzed. Thus, these mutations should be scored as transitions from 5-methylcytosine
to thymine rather than from cytosine to thymine. Methylated cytosines occur exclu-
sively at CpG dinucleotides, which, although markedly underrepresented in human
DNA, are sites for more than 30 percent of all known disease-related point mutations.
Thus, 5-methylcytosine functions as an endogenous mutagen and carcinogen in
humans, in that methylation seems to increase the potential for mutation at cytosine

residues at least by a factor of 10.

ESS THAN 1% OF THE BASES OF
human DNA are 5-methylcytosine.
Methyl groups that occur on both C
residues in the double-stranded palindrome
CpG account for more than 90% of the
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methylated C residues (1). Although the
CpG sequence is underrepresented by a
factor of five in the vertebrate genome (2), it
is the site of a disproportionately high num-
ber of human germ-line point mutations.
Estimates suggest that 35% of point muta-
tions causing human genetic disorders have
occurred at CpG dinucleotides (CpGs), and
over 90% of these were transitions from C
to T or corresponding G-to-A transitions
(3). CpGs may also be overrepresented

among sites of somatic mutation in tumor
suppressor genes, such as the p53 or retino-
blastoma genes, in which about 40% of
reported point mutations are localized to
CpGs (4, 5).

Methylation of CpGs in normal tissues
might increase the probability of mutations
at such sites because of the ability of 5-
methylcytosine to undergo deamination, re-
sulting in a thymine (6). Because of the
inverse relation between the presence of 5-
methylcytosine and gene expression (7), ac-
tive genes might be expected to be unmeth-
ylated. Despite this inverse relation often
observed between methylation and gene
expression, many genes (such as HPRT and
PGK) are expressed with methylation in
their coding sequences (8). We therefore
used ligation-mediated polymerase chain re-
action (PCR) genomic sequencing (9) to
analyze directly CpGs that have undergone
either a germ-line mutation in the low densi-
ty lipoprotein (LDL) receptor or somatic
mutations in the p53 tumor suppressor
genes (Fig. 1). These CpGs were all methyl-
ated in several human tissues obtained from
five individuals.

We first obtained an overall indication of
the methylation status of the LDL receptor
and p53 genes by digesting DNA obtained
from sperm or white blood cells (WBC)
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