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Antisense oligodesoxynucleotide strategies in renal and cardiovascular
disease. Antisense oligodesoxynucleoties (ODN) provide a novel strategy
to inhibit RNA transcription and thereby the synthesis of the gene
product. Because antisense ODN hybridize with the mRNA strand, they
are highly specific. Their backbone structure has been modified to
phosphorothioates or phosphoamidates so that they can better withstand
degradation after delivery. We have shown that antisense ODN are a
useful research tool to elucidate intracellular processes. The example we
provide involves the inhibition of PKC signaling. Furthermore, we have
shown the potential clinical utility of antisense treatment. We successfully
inhibited the expression of the surface adhesion molecule ICAM-1 with
antisense ODN in a model of reperfusion injury. This model is highly
applicable to the problem of delayed graft function in humans. However,
“getting there” is a major problem and clearly less than half the fun.
Cationic substances such as lipofectin have worked sufficiently well in the
experimental setting. Viral gene transfer offers a possibility; however,
viruses produce an additional series of problems. Liposomes may not
provide sufficient transfer efficiency. Coating liposomes with viral fusion
proteins may offer an ideal way with which to deliver the goods into the
cytoplasm of the target cell.

The use of antisense oligodeoxynucleotides (ODN) for the
blockade of gene expression was introduced in 1978 by Zamecnik
and Stephenson [1]. Due to the specificity of Watson-Crick
base-pair hybridization, antisense ODN have been used exten-
sively in attempts to inhibit expression of distinct genes both in
vitro and in vivo. Figure 1 outlines a schematic view of how
antisense ODN probably function to inhibit RNA uptake to
ribosomes and thus, protein transcription. Although their precise
mechanism of action has not been clarified, antisense ODN offer
considerable promise as novel molecular therapeutic agents
against diseases including AIDS, cancer, and inflammatory disor-
ders. Furthermore, antisense ODN have been used in renal and
cardiovascular medicine to unravel pathophysiological mecha-
nisms, and experimentally as therapeutic agents [2]. We will
discuss several aspects of our experience using antisense ODN in
the understanding of renal and vascular pathophysiology, as well
as in experimental therapeutic protocols. Recent improvements in

the design of RNA molecules with modified properties will be
addressed first. Second, the specificity of how antisense ODN can
be used to dissect molecular mechanisms of disease and how
specificity offers new possibilities of drug treatment is discussed.
Third, we will discuss the endothelium as a potential target tissue
for antisense therapy. Finally, new, non-viral, gene transfer tech-
niques that enhance ODN uptake under experimental conditions
and may be useful in future therapeutic trials are presented.

CHEMICAL MODIFICATION OF
OLIGODESOXYNUCLEOTIDE

The naturally occurring phosphodiester-linked ODN that were
used initially were degraded rapidly by cellular nucleases and
therefore could not be used as in vivo therapeutic agents. Thus,
chemically modified antisense ODN were developed that are
more resistant to endogenous degradation. An example of such
stable analogs are oligonucleotides with a phosphorothioate mod-
ified backbone. These compounds are relatively stable and are the
first generation of antisense compounds used in clinical trials [2].
However, phosphorothioates are not ideal and possess several
properties that make it unsuitable for therapeutic purposes. The
main disadvantages of phosphorothioates are low binding affini-
ties for stranded RNA and double-stranded DNA targets com-
pared to natural phosphodiesters [2], and nucleotide independent
binding to a variety of cellular proteins [3]. Subsequently, DNA
analogs with nonphosphodiester backbones have been developed.
A larger number of derivatives are now available in which the
phosphodiester linkage has been replaced but the deoxyribose
structure retained. These derivatives include compounds ranging
from phosphate backbone (phosphodithioates, chimeric meth-
ylphosphonate-phosphodiesters, peptide nucleic acids) and 5-pro-
pynyl-pyrimidine containing oligomers to sugar modifications
(29-substituted ribonucleosides, a-configuration) [4]. However,
only a few of these structures, such as those having a thioformac-
etal or a carboxamide linkage, appear to be good structural DNA
mimics.

Recently, a new type of a deoxyoligonucleotide analog was
synthesized with a modification of the phosphate backbone, where
the O39-P bonds are replaced by N39-P linkages [5, 6]. These
so-called phosphoramidate analogs show several promising fea-
tures. They have an achiral phosphorus-containing, negatively
charged backbone and therefore exhibit good water solubility. In
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addition, they feature improved resistance to nuclease degrada-
tion. Thus, they form very stable sequence-specific duplexes with
single-stranded DNA, RNA, and with themselves. The phospho-
ramidate analogs are also able to form stable triplexes with
double-stranded DNA and RNA under nearly physiological con-
ditions [7]. Phosphoramidates are also more digestion resistant
and display less protein binding than phosphorothioates [8, 9].
Figure 2 shows a schematic of ODN backbone modifications. A

major problem is the large scale synthesis of these compounds.
We have focused our efforts on the synthesis of phosphoramidate
ODN with a method that employs a phosphoramidite amine-
exchange reaction [10]. This method utilizes the corresponding
monomethoxytrityl-protected 39-amino-29,39-dideoxynucleoside-
59-phosphoramidites as building blocks.

SPECIFICITY

Antisense ODN are directed against distinct molecular entities.
Thus, the effective therapeutic use of antisense ODN offers the
possibility to directly interfere with the molecular mechanisms of
the pathophysiological process [11]. Such an approach allows very
specific hypothesis testing. The specificity of the approach enabled
us to directly target molecules with similar properties and struc-
ture such as kinase isoforms from the same kinase family, small
GTP-binding proteins, or subtypes of receptors. We have used the
unique property of antisense treatment to dissect the function of
the various protein kinase C (PKC) isoforms in endothelial cells.
PKC is a group of calcium and phospholipid-dependent protein
kinases (isoforms) with a broad substrate specificity. PKC iso-
forms are involved in signal transduction responses. The enzyme
family was first described by Nishizuka and colleagues [12]. PKC
is ubiquitously distributed and plays an important role in the
control or regulation of many different biological processes [12].
In endothelial cells, PKC has been implicated in the expression
and regulation of adhesion molecules [13], in the expression of
endothelin-1 [14], and in the proliferative response to hormones
and growth factors [15]. Furthermore, endothelial PKC appears to
mediate the intracellular effects of shear stress [8] and may also be
important to angiogenesis [16]. Investigating PKC is difficult
because PKC is not a single entity, but consists of several distinct
isoforms with different regulatory and biochemical properties
[13]. The PKC isoforms are expressed on separate genes and may
play different roles in cell signaling and cell function [12].

Presently, the mammalian PKC family consists of 12 different
polypeptides: a, bI, bII, g, d, e, z, h, u, t, l and m. An analysis of
isoform expression and distribution is necessary to investigate

Fig. 1. Schematic diagram of antisense
oligodesoxynucleotide (ODN)-mediated effects
on protein expression.

Fig. 2. Backbone modifications of oligodeoxynucleotide (ODN; see text).
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PKC’s role in signaling. Since PKC plays an important role in the
intracellular signal transduction pathways of the endothelium and
is involved in various functions of the endothelium such as
expression of adhesion molecules and regulation of the perme-
ability barrier, defining which PKC isoform mediates a specific
signal is of considerable interest. However, thus far no specific
inhibitors for the different PKC isoforms are available.

This problem would appear ideal for an antisense ODN-based
approach. We observed that hyperglycemia increased endothelial
cell-layer permeability via a PKC-mediated mechanism. To deter-
mine which PKC isoform was responsible, we relied on an
antisense strategy. We concentrated on the PKC isoforms a and e,
because our confocal immunofluorescent data implicated those
isoforms. These data are reviewed in Figure 3. We included
antisense to PKC z as an additional control. An antisense ODN
(ISIS 3521) was selected against the human 39-untranslated region
derived from the human PKC a sequence (European Molecular
Biology Laboratories data base, Heidelberg, Germany). The
antisense sequence used for PKC a was (59 GTT.CTC.GCT.G-
GT.GAG.TTT CA 39). The sense ODN sequence (59
TG.AAA.CTC.ACC.AGC.GAG.AAC 39), a reverse ODN se-
quence (59 AC.TTT.GAG.TGG.TCG.CTC.TTG 39) and a scram-
bled version (59 GAG.TTG.CTT.GCT.TAT.CGG.TC 39) were
used as controls. The antisense sequence used for PKC e against
the human AUG start codon was (59 GCC.ATT.GAA.CAC.TAC-
CAT 39).

Figure 4 shows a Western blot analysis of PKC a, PKC e, and
PKC z after transfection with antisense ODN. Antisense ODN led
to a down-regulation of the respective PKC isoforms to 40 to 30%
as compared to control. In contrast, protein levels of PKC e were

not affected by exposure of the endothelial cells to antisense ODN
against PKC a.

These antisense ODN were used to influence the glucose-
induced increase in endothelial cell permeability, as shown in
Figure 5. Antisense ODN for PKC a almost completely inhibited
the increase in glucose-induced endothelial cell permeability.
Sense and scrambled ODN for PKC a had no effect on the
glucose-induced permeability. In contrast to the effects of anti-
sense against PKC a, the antisense ODN against PKC e did not
reduce the glucose-induced permeability significantly. This expe-
rience demonstrates that an antisense ODN approach can be used
for delineation of the specific PKC effects in signal transduction
and cell physiology. Early experiments have shown that this
approach can also be used in vivo. Intraperitoneal injection of
ODN in mice caused a dose-dependent, ODN sequence-depen-
dent reduction in PKC a mRNA [17]. Thus, this approach may
possibly be applied to prevent glucose-induced vascular changes in
vivo. We are presently using this approach for the treatment of
diabetes-induced changes in the rat.

The utility of antisense to block intracellular signaling processes
is of course not limited to PKC. Other examples include antisense
directed at inhibiting the production of GTP-binding proteins,
other kinases and transcription factors. Several groups have
shown that antisense against cdc2 kinases exert specific effects in
vascular tissue [18, 19]. Nikajima et al have used antisense ODN
for the inhibition of NFkB [20]. In addition, antisense can also be
used to investigate subtypes of membrane-bound receptors, such
as the FGF receptor family [21, 22] or the rapidly expanding
family of VEGF receptors [23]. Still other examples include
targeting of proteases or components of the cell cycle [24–26].

Fig. 3. Effect of high glucose (20 mM) on the intracellular distribution of protein kinase C (PKC) isoform a, e, and z under control conditions (left
panel, control), and after 5, 10 and 30 minutes. High glucose induced changes in intracellular distribution of PKC isoform a and e. In contrast, PKC
z was not influenced by high glucose. The graded color bar indicates different PKC concentrations whereby blue, green, yellow and red represent
increasing PKC concentrations, respectively. The publication of this figure in color was made possible by a grant from Perkin Elmer, Applied Biosystems
Division, Foster City, California, USA.
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TARGETING

Identifying potential targets for antisense strategies is easy;
however, getting the antisense to the targets can be insurmount-
ably difficult. Fortunately, since antisense ODN are small mole-
cules they cross the cell membrane more easily than other genetic
material. When injected into the venous circulation, antisense
ODN demonstrate a rather high first pass effect and are rapidly
taken up by the liver. However, about 1 to 3% of the antisense
ODN reaches the coronary circulation, and between 0.5 and 1%
arrives in the kidney after intravenous injection. Our own exper-
iments show that the addition of cationic lipids considerably
increase the percentage of renal uptake. The uptake into the renal
vasculature takes place within minutes. Most of the circulating
ODN are taken up by the endothelium. In our experience, even
the intimal layers of vascular cells are not reached by circulating

antisense ODN. However, other groups have observed an anti-
sense effect in media vascular smooth muscle cells [27]. Conceiv-
ably, injured vascular tissue or damaged enothelial cells may
exhibit altered uptake characteristics. In addition, cells adjacent to
the endothelium and not shielded by the basal lamina, such as
mesangial cells in the kidney, may also take up circulating ODN
[28]. The rapid uptake by the endothelium makes this tissue a
suitable target for antisense. The endothelium may be an inter-
esting target for gene therapy, because endothelial cells play a
major role in the development of all chronic vascular and renal
diseases.

Adhesion of leukocytes to the endothelium plays an important
role in such diverse processes as inflammation, transplantation,
and atherosclerosis. Reperfusion injury involves activated leuko-
cytes with enhanced adhesiveness to endothelium [29]. Adhesion

Fig. 4. Western blot analysis of antisense
oligodesoxynucleotide (ODN) against protein
kinase C (PKC) a, e and z in endothelial cells.
Western blots were stained with PKC specific
antibodies as indicated. Antisense ODN against
PKC a led to a significant downregulation of
PKC a, while PKC e and z protein levels were
not influenced. Antisense ODN against PKC e
and PKC z, respectively, also led to a specific
inhibition of PKC isoform expression without
influencing the protein levels of the other PKC
isoforms.

Fig. 5. Effect of antisense
oligodesoxynucleotide (ODN) against protein
kinase C (PKC) a, sense, scrambled ODN, or
antisense against PKC e and z on glucose (20
mM)-induced endothelial cell permeability.
Endothelial cells were exposed to ODN with
lipofectin (10 mg/ml) 24 hours before exposure
to 20 mM glucose. Antisense against PKC a
significantly reduced the glucose-induced
permeability (P , 0.01), while the control sense
and scrambled ODN, the ODN against PKC e
and PKC z, or lipofectin alone, had no
significant effect.
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molecule mediated, neutrophil endothelial binding is inherent to
this process [30]. The leukocyte b2 integrin complex (CD11/
CD18) interacts with the endothelial ligand intercellular adhesion
molecule-1 (ICAM-1). The initial rolling of neutrophils is medi-
ated by the selectins, while CD11/CD18-ICAM-1 interactions are
responsible for leukocyte adhesion and diapedesis [31]. Studies in
liver, brain, and myocardium showed that ICAM-1 is up-regulated
during ischemia-reperfusion [30]. Antibodies against either CD11/
CD18 or ICAM-1 prevented tissue damage and protect organ
function in other studies [32–34]. We used antisense ODN for
ICAM-1 to influence the expression of adhesion molecules and to
prevent reperfusion injury in the ischemic kidney of the rat.
Phosphorothioate oligodeoxyribonucleotides (ODN) were used
and an antisense ODN (ISIS 1939) against the human 39 untrans-
lated region derived from the rat ICAM sequence RSICAM and

the human ICAM-1 sequence HSICAM01 (European Molecular
Biology Laboratories data base) selected [35, 36]. For the rat
experiments, we compared rat and human sequence data and used
the rat homologue to ISIS 1939 (59 ACC GGA TAT CAC ACC
TTC CT 39). The reverse ODN sequence was used as control. As
in the previous experiments, a cationic lipid was used solution to
enhance ODN uptake.

From preliminary in vitro experiments, a lipofectin concentra-
tion of 0.8 mg/mg DNA and a ODN concentration of 2 mg/kg
body wt was chosen for the in vitro studies. Figure 6 shows the
effect of reverse and antisense oligonucleotides on expression of
ICAM-1 in renal cortical vessels 24 hours after 30 minutes of
ischemia. The saline injected control showed ICAM-1 staining
along the vascular intima. This staining was decreased in antisense
ODN treated animals. The reverse ODN treated animals, on the

Fig. 6. Effect of sense and antisense oligonucleotides on ICAM-1
expression in rat kidney. Upper panel shows immunohistochemical
staining for ICAM-1 in ischemic animals with saline treatment (left),
antisense oligonucleotides (ODN) treatment (middle) and sense ODN
treatment (right) (representative of 30 photomicrographs). Lower panel
shows the densitometric data from these sections (N 5 30, *P , 0.05).
Ischemia induced a marked increase in ICAM-1 expression along the
endothelial cell lining of the blood vessels and in the peritubular area.
Antisense ODN prevented the ischemia-induced increase in ICAM-1
expression, both in the vasculature and in the peritubular area; reverse
ODN had no effect. The publication of this figure in color was made
possible by a grant from Perkin Elmer, Applied Biosystems Division,
Foster City, California, USA.
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other hand, showed prominent ICAM-1 staining. In antisense
treated animals, renal function was preserved and perivascular
leukocyte infiltration was inhibited.

We believe that the antisense approach to acute renal failure
and reperfusion injury could have great clinical utility. We do not
envision prophylactic preoperative antisense ODN treatment in
patients. Instead, we believe such an approach would be both
more valuable and practical in transplantation medicine. For
instance, cadaveric donor kidney are routinely stored in Collins or
similar solutions for 12 to 72 hours before transplantation.
Delayed graft function from ischemia and reperfusion injury is a
major post-transplant problem and has a direct negative impact
on long-term graft survival [36]. Transplanted hearts and livers
also are subject to reperfusion injury and ICAM-1 seems to play
a role in acute and chronic rejection [37–40]. The antisense ODN
treatment is not subject to the same immunological problems that
accompany the use of antibodies directed against adhesion mol-
ecules. We envision a multiple antisense ODN treatment of

transplant grafts directed against a variety of adhesion molecules
associated with reperfusion injury.

TRANSFER

Our experiments demonstrate that antisense ODN can be
successfully used for the treatment of endothelial cells disorders.
However, a limiting step in these investigations is still the low
uptake of ODN in the endothelium. Relatively high concentra-
tions of ODN have to be injected in order to achieve a significant
down-regulation of the targeted protein. More effective gene
transfer techniques may reduce the costs of antisense ODN
therapeutic approaches, and may help to target cells within the
vascular wall or other organs. For gene transfer two main
approaches, viral gene transfer and non-viral techniques, have
been used. Viral gene transfer techniques show high efficiency,
but potentially cause viral infection, activation of oncogenes and
autoimmune response. Newman et al showed that adenovirus-
mediated gene transfer into rabbit arteries results in prolonged

Fig. 7. Schematic diagram of transfection
using liposomes containing F-protein, HN-
protein and DNA. (1) Neutral liposomes
containing F-protein and HN-protein from
Sendai virus as well as therapeutical DNA are
loaded for gene therapy approaches. (2) The
HN binds to its receptor sialic acid. (3) The
liposome content is released into the nucleus.
(4) The therapeutic DNA enters into the
nucleus and transcription begins.
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vascular cell activation, inflammation and neointimal hyperplasia
[41]. Liposome vectors contain no viral sequences and possess the
desired safety profile [42, 43]. However, the liposomal approach
routinely results in efficiencies below 1% [43, 44]. Several tech-
niques have been put forward to enhance gene uptake by lipo-
somes. Improvement of the liposomal method was demonstrated
by Kaneda et al [45], who prepared DNA-loaded liposomes
together with gangliosides and inactivated Sendai virus particles.

Several reports have recently demonstrated that Sendai virus-
coated liposomes can mediate transfer of DNA, antisense ODN,
and double stranded DNA as a decoy. An HVJ-liposome can
encapsulate DNA up to 100 kbp [46]. Using HVJ-liposomes
associated with gangliosides and the nuclear protein HMG-1
(non-histone chromosomal protein, high mobility group 1),
Kaneda et al successfully introduced the entire human insulin
gene into adult rat liver. The transcript amount of the insulin gene
co-introduced with HMG-1 was more than 10 times greater that
of the gene co-introduced with bovine serum albumin alone. In
vivo insulin gene expression was also possible [46]. Tomita et al
used the same approach in introducing a reporter gene into rat
kidney. In 1993, Isaka et al demonstrated that transforming
growth factor-beta (TGF-B) or platelet-derived growth factor-
beta (PDGFB) cDNA can be transported into rat kidney with
HVJ-liposomes to induce glomerulosclerosis.

The HVJ-liposome method of gene transfer has also been used
successfully in the cardiovascular system. For instance, the cDNAs
of the angiotensin converting enzyme (ACE) and renin genes
were transfected into cultured vascular smooth muscle cells in
vitro as well as into rat carotid artery in organ culture [47].
Morishita et al measured increased ACE activity after transfec-
tion of ACE into intact rat carotic arteries. They also demon-
strated that high levels of atrial natriuretic peptide (ANP) was
secreted by cultured endothelial cells [47]. HVJ-liposomes loaded
with eNOScDNA restored eNOS expression in the vessel wall and
inhibited neointimal vascular lesion after balloon injury [48].

The HVJ-liposome mediated transfer is also applicable for
antisense ODN delivery. For instance, this delivery system was
also used for antisense ODN directed at cdk 2 kinase oligonucle-
otides. The cyclin-dependent kinase is activated in the rat carotid
artery after balloon angioplasty injury and is probably responsible
for smooth musle proliferation. Morishita et al showed that
intimal hyperplasia after vascular injury is inhibited by specific
antisense oligonucleotides [49]. Furthermore, a gene therapy
strategy using a transcription factor decoy of the E2F binding site
inhibits smooth muscle proliferation in vivo [50].

A major disadvantage of this promising gene transfer approach
is the tedious and time consuming preparation of the viral
particles. Thus far, no preparation that would pass GMP criteria
for human use has been demonstrated. We have therefore started
to develop a gene delivery system containing neutral liposomes
and recombinant viral surface fusion proteins. Yeagle reported
that a fusion peptide, isolated from the remainder of F1, desta-
bilizes membranes [51]. Therefore, he hypothesized that contact
between the a hydrophobic sequence of the fusion peptide of F
and the target membrane is capable of substituting for bilayer-
bilayer contact. The fusion process differs from the receptor-
mediated endocytosis with fusion of endosomes and lysosomes at
acidic pH used by influenza virus [52]. A schematic diagram of
transfection with liposomes outfitted with viral fusion proteins is
shown in Figure 7.

Expression of recombinant viral fusion proteins is not an easy
task. Pomaskin, Veit and Schmidt used a baculovirus system and
found incomplete processing and membrane transport of F-
protein, due to the different glycosylation and protein transport
pathways in invertebrate cells [53]. Construction of recombinant
vaccinia virus expressing Sendai-F-protein resulted in a biologi-
cally inactive protein [53], probably because the severe cytopathic
effects of vaccinia virus disturbs the expression of the activity.
Using PCR-mutagenesis we added a factor Xa cleavage site into
the F-cDNA to obtain the correctly processed and active F-
protein. For future purification of the protein we fused a histidine
sequence coding at the end of the F- and HN-cDNA. The vector
pcDNA3 carries the correspondent cDNAs under the control of
the cytomegalovirus promoter. Furthermore, we cloned our con-
structs into the vector pzeoSV2. Genes cloned into pZeoSV2 are
expressed from the Simian virus 40 early promoter for high level
transient and stable expression in mammalian cells. Then, as
shown in Figure 7, it should be possible to use the purified
proteins to generate fusion protein coupled liposomes. Our
method differs from commonly used HVJ-liposomes because we
do not use the whole inactivated Sendai virus. Instead, we
integrate the two recombinant proteins from Sendai virus into the
liposomes. In vivo experiments will show whether these constructs
will diminish cell toxicity, immune response and inflammation.

PERSPECTIVES

Antisense strategies have been termed the “poor man’s road to
gene therapy.” The ODN have been made more robust by means
of a phosphoramidate backbone. The tremendous specificity of
antisense ODN was demonstrated in the PKC experiments con-
ducted by our group, as well as in a host of studies by other
investigators. Since the inhibition of mRNA transcription by
antisense ODN is transient, the therapeutic potential may be
limited. However, our approach to use antisense to inhibit the
development of reperfusion injury and thereby delayed graft
function in transplanted kidneys may be an ideal clinical setting to
use antisense ODN. As in all “gene therapy” strategies, delivery is
a serious problem. We believe that eventually, liposomes coated
with viral fusion proteins will offer an acceptable, highly efficient
delivery system. In that way, the poor may indeed inherit at least
a part of the earth.

ACKNOWLEDGMENTS

Hermann Haller is supported by grants-in-aid from the Deutsche
Forschungsgemeinschaft and from the Klinischpharmakologischer Ver-
bund, Germany. These studies were supported by ISIS Pharmaceuticals,
Houston, Texas, USA. The publication of Figures 3 and 6 in color was
made possible by a grant from Perkin Elmer, Applied Biosystems Division,
Foster City, California, USA.

Reprint requests to Hermann Haller, M.D., Franz Volhard Clinic, Wiltberg
Strasse 50, 13122 Berlin, Germany.
E-mail: haller@mdc-berlin.de

REFERENCES

1. ZAMECNIK PC, STEPHENSON ML: Inhibition of Rous sarcoma virus
replication and cell transformation by a specific oligodeoxynucleotide.
Proc Natl Aca Sci 75:280, 1978

2. CROOKE ST, LEBLEU B: Antisense Research and Applications. Boca
Raton, Fl, CRC Press, 1993

Haller et al: Antisense oligodesoxynucleotides1556



3. HEIDENREICH O, GRYAZNOV S, NERENBERG M: RNase H-indepen-
dent antisense activity of oligonucleotide N3–P59 phosphoramidates.
Nucleic Acids Res 25:776–780, 1997

4. WILSON WD, MIZAN S, TANIOUS FA, YAO S, ZON G: The interaction
of intercalators and groove-binding agents with DNA triple-helical
structures: The influence of ligand structure, DNA backbone modifi-
cations and sequence. J Mol Recog 7:89–98, 1994

5. UHLMANN E, PEYMAN A: Oligonucleotide analogs containing dephos-
pho-internucleoside linkages. Methods Mol Biol 20:355–389, 1993

6. CHEN JK, SCHULTZ RG, LLOYD DH, GRYAZNOV SM: Synthesis of
oligodeoxy-ribonucleotide N393P59 phosphoramidates. Nucleic Acids
Res 23:2661–2668, 1995

7. GRYAZNOV SM, LLOYD DH, CHEN JK, SCHULTZ RG, DEDIONISIO LA,
RATMEYER L, WILSON DW: Oligonucleotide N393P59 phosphorami-
dates. Proc Natl Acad Sci USA 92:5798–5802, 1995

8. ESCUDE C, GIOVANNANGELI C, SUN JS, LLOYD DH, CHEN JK,
GRYAZNOV SM, GARESTIER T, HELENE C: Stable triple helices formed
by oligonucleotide N33P59 phosphoramidates inhibit transcription
elongation. Proc Natl Acad Sci USA 93:4365–4369, 1996

9. GRYAZNOV SM, SKORSKI T, CUCCO C, NIEBOROWSKA-SKORSKA M,
CHIU CY, CHEN JK, KOZIOLKIEWICZ M, CALABRETTA B OLIGONUCLE-
OTIDE N33P59 phosphoramidates as antisense agents. Proc Natl Acad
Sci USA 92:5798–802, 1997

10. HIRSCHBEIN BL, FEARON KL: 31P NMR spectroscopy in oligonucleo-
tide research and development. Antisense Nucleic Acid Drug Dev
7:55–61, 1997

11. FINKEL T, EPSTEIN SE: Gene therapy for vascular disease. FASEB J
9:843–851, 1995

12. NISHIZUKA Y: Intracellular signaling by hydrolysis of phospholipids
and activation of protein kinase C. Science 258:607–614, 1993

13. DEISHER TA, HADDIX TL, MONTGOMERY KF, POHLMAN TH, KAUS-
HANSKY K, HARLAN JM: The role of protein kinase C in the induction
of VCAM-1 expression on human umbilical vein endothelial cells.
FEBS Lett 331:285–290, 1993

14. KUCHAN MJ, FRANGOS JA: Shear stress regulates endothelin-1 release
via protein kinase C and cGMP in cultured endothelial cells. Am J
Physiol 264:H150—H156, 1993

15. BLUME-JENSEN P, SIEGBAHN A, STABEL S, HELDIN CH, RONNSTRAND
L: Increased Kit/SCF receptor induced mitogenicity but abolished cell
motility after inhibition of protein kinase C. EMBO J 12:4199–4209,
1993

16. ZHOU W, TAKUWA N, KUMADA M, TAKUWA Y: Protein kinase
C-mediated bidirectional regulation of DNA synthesis, RB protein
phosphorylation, and cyclin-dependent kinases in human vascular
endothelial cells. J Biol Chem 268:23041–23048, 1993

17. BUSUTTIL SJ, MOREHOUSE DL, YOUKEY JR, SINGER HA: Antisense
suppresssion of protein kinase C-alpha and -delta in vascular smooth
muscle. J Surg Res 63:137–142, 1996

18. KLEUSS C, HESCHELER J, EWEL C, ROSENTHAL W, SCHULTZ G, WITTIG
B: Assignment of G-protein subtypes to specific receptors inducing
inhibition of calcium currents. Nature 353:43–48, 1991

19. ABE J, ZHOU W, TAGUCHI J, TAKUWA N, MIKI K, OKAZAKI H,
KUROKAWA K, KUMADA M, TAKUWA Y: Suppression of neointimal
smooth muscle cell accumulation in vivo by antisense cdc2 and cdk2
oligonucleotides in rat carotid artery. Biochem Biophys Res Commun
198:16–24, 1994

20. NAKAJIMA T, KITAJIMA I, SHIN H, TAKASAKI I, SHIGETA K, ABEYAMA
K, YAMASHITA Y, TOKIOKA T, SOEJIMA Y, MARUYAMA I: Involvement
of NF-kappa B activation in thrombin-induced human vascular
smooth muscle cell proliferation. Biochem Biophys Res Commun
204:950–958, 1994

21. ALI S, DAVIS MG, BECKER MW, DORN GWD: Thromboxane A2
stimulates vascular smooth muscle hypertrophy by up-regulating the
synthesis and release of endogenous basic fibroblast growth factor.
J Biol Chem 268:17397–17403, 1993

22. MORRISON RS, YAMAGUCHI F, SAYA H, BRUNER JM, YAHANDA AM,
DONEHOWER LA, BERGER M: Basic fibroblast growth factor and
fibroblast growth factor receptor I are implicated in the growth of
human astrocytomas. J Neurooncol 18:207–216, 1994

23. MARTINY BARON G, MARME D: VEGF-mediated tumour angiogene-
sis: A new target for cancer therapy. Curr Opin Biotechnol 6:675–680,
1995

24. CIERNIEWSKI CS, BABINSKA A, SWIATKOWSKA M, WILCZYNSKA M,

OKRUSZEK A, STEC WJ: Inhibition by modified oligodeoxynucleotides
of the expression of type-1 plasminogen activator inhibitor in human
endothelial cells. Eur J Biochem 227:494–499, 1995

25. DUCHOSAL MA, ROTHERMEL AL, MCCONAHEY PJ, DIXON FJ, ALT-
IERI DC: In vivo immunosuppression by targeting a novel protease
receptor. Nature 380:352–356, 1996

26. USHIO FUKAI M, ZAFARI AM, FUKUI T, ISHIZAKA N, GRIENDLING KK:
p22phox is a critical component of the superoxide-generating NADH/
NADPH oxidase system and regulates angiotensin II-induced hyper-
trophy in vascular smooth muscle cells. J Biol Chem 271:23317–23321,
1996

27. WOLF G, SCHROEDER R, ZIYADEH FN, THAISS F, ZAHNER G, STAHL

RA: High glucose stimulates expression of p27Kip1 in cultured mouse
mesangial cells: Relationship to hypertrophy. Am J Physiol 273(3 Pt
2):F348–F356, 1997

28. FINE LG: Gene transfer into the kidney: Promise for unravelling
disease mechanisms, limitations for human gene therapy. Kidney Int
49:612–619, 1996

29. BEVILACQUA MP, NELSON RM, MANNORI G, CECCONI O: Endothelial-
leukocyte adhesion molecules in human disease. Annu Rev Med
45:361–378, 1994

30. BONVENTRE J: Mechanisms of ischemic acute renal failure. Kidney Int
43:1160–1178, 1993

31. BUTCHER EC: Leukocyte-endothelial cell recognition: Three (or
more) steps to specificity and diversity. Cell 67:1033–1036, 1991

32. RABB H, MENDIOLA CC, DIETZ J, SABA SR, ISSEKUTZ TB, ABANILLA

F, BONVENTRE JV, RAMIREZ G: Role of CD11a and CD11b in
ischemic acute renal failure in rats. Am J Physiol 267:F1052–F1058,
1994

33. KELLY KJ, WILLIAMS W, COLVIN RB, BONVENTRE JV: Antibody to
intracellular adhesion molecule 1 protects the kidney against ischemic
injury. Proc Natl Acad Sci USA 91:812–816, 1994

34. IOCULANO M, SQUADRITO F, ALTAVILLA D, CANALE P, SQUADRITO G,
CAMPO GM, SAITTA A, CAPUTI AP: Antibodies against intercellular
adhesion molecule 1 protect against myocardial ischaemia-reperfu-
sion injury in rat. Eur J Pharmacol 264:143–149, 1994

35. CHIANG MY, CHEN H, ZOUNES MA, FREIER SM, LIMA WF, BENNETT

CF: Antisense oligonucleotides inhibit intercellular adhesion mole-
cule-1 expression by two distinct mechanisms. J Biol Chem 266:18161–
18174, 1991

36. STEPKOWSKI S, TU Y, CONDON TP, BENNETT CF: Blocking of heart
allograft rejection by intracellular adhesion molecule-1 antisense
oligonucleotides alone or in combination with other immunosuppres-
sive modalities. J Immunol 153:5336–5346, 1994

37. TILNEY NL, WHITLEY WD, DIAMOND JR, KUPIEC-WEGLINSKI JW,
ADAMS DH: Chronic rejection–An undefined conundrum. Transplan-
tation 52:389–398, 1991

38. HEEMANN U, TULIUS SG, SCHUMANN V, TILNEY NL: Neutrophils and
macrophages are prominent in the pathophysiology of chronic rejec-
tion of rat kidney allografts. Transplant Proc 25:937–938, 1993

39. HILL P, MAIN IW, ATKINS RC: ICAM-1 and VCAM-1 in human renal
allograft rejection. Kidney Int 47:1383–1391, 1995

40. UTHOFF K, ZEHR KJ, LEE PC, LOW RA, BAUMGARTNER WA,
CAMERON DE, STUART RS: Neutrophil modulation results in im-
proved pulmonary function after 12 and 24 hours of preservation. Ann
Thorac Surg 59:7–12, 1995

41. NEWMAN KD, DUNN PF, OWENS JW, SCHULICK AH, VIRMANI R,
SUKHOVA G, LIBBY P, DICHEK DA: Adenovirus-mediated gene trans-
fer into normal rabbit arteries results in prolonged vascular cell
activation, inflammation, and neointimal hyperplasia. J Clin Invest
96:2955–2965, 1995

42. NABEL EG, PLAUTZ G, NABEL GJ: Site-specific gene expression in vivo
by direct gene transfer into the arterial wall. Science 249:1285–1288,
1990

43. NABEL EG, POMPILI VJ, PLAUTZ GE, NABEL GJ: Gene transfer and
vascular disease. Cardiovasc Res 28:445–455, 1994

44. FINKEL T, EPSTEIN SE: Gene therapy for vascular disease. FASEB J
9:843–851, 1995

45. KANEDA Y, UCHIDA T, KIM J, ISHIURA M, OKADA Y: The improved
efficient method for introducing macromolecules into cells using HVJ
(Sendai virus) liposomes with gangliosides. Exp Cell Res 173:56–69,
1987

Haller et al: Antisense oligodesoxynucleotides 1557



46. KANEDA Y, IWAI K, UCHIDA T: Introduction and expression of the
human insulin gene in adult rat liver. J Biol Chem 264:12126–12129,
1989

47. MORISHITA R, GIBBONS GH, KANEDA Y, OGIHARA T, DZAU VJ: Novel
and effective gene transfer technique for study of vascular renin
angiotensin system. J Clin Invest 91:2580–2585, 1993

48. VON DER LEYEN HE, GIBBONS GH, MORISHITA R, LEWIS NP, ZHANG
L, NAKAJIMA M, KANEDA Y, COOKE JP, DZAU VJ: Gene therapy
inhibiting neointimal vascular lesion: In vivo transfer of endothelial
cell nitric oxide synthase gene. Proc Natl Acad Sci USA 92:1137–1141,
1995

49. MORISHITA R, GIBBONS GH, ELLISON KE, NAKAJIMA M, VON DER
LEYEN H, ZHANG L, KANEDA Y, OGIHARA T, DZAU VJ: Intimal

hyperplasia after vascular injury is inhibited by antisense cdk 2 kinase
oligonucleotides. J Clin Invest 93:1458–1464, 1994

50. MORISHITA R, GIBBONS GH, HORIUCHI M, ELLISON KE, NAKAMA M,
ZHANG L, KANEDA Y, OGIHARA T, DZAU VJ: A gene therapy strategy
using a transcription factor decoy of the E2F binding site inhibits
smooth muscle proliferation in vivo. Proc Natl Acad Sci USA 92:5855–
5859, 1995

51. YEAGLE P: The fusion of Sendai virus. Boca Raton, 1993, pp 313–334
52. OKADA Y: Sendai virus-induced cell fusion. Methods Enzymol 221:18–

41, 1993
53. PONIMASKIN E, VEIT M, SCHMIDT MF: Expression of the Sendai virus

fusion protein in insect cells and characterization of its post-transla-
tional modifications. J Gen Virol 75:1163–1167, 1994

Haller et al: Antisense oligodesoxynucleotides1558




