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Abstract. Agents that produce their effects through an of tumor cells and proteins directly involved in cell cycle
progression. In particular, a detailed discussion is pre-antisense mechanism offer the possibility of developing
sented on the possibility of selectively inhibiting thehighly specific alternatives to traditional pharmacologi-

cal antagonists, thereby providing a novel class of ther- growth of tumor cells by using antisense RNA expres-
sion vectors directed to the individual calmodulin tran-apeutic agents, ones which act at the level of gene
scripts. Detailed consideration is also provided on theexpression. Among the antisense compounds, antisense

RNA produced intracellularly by an expression vector development and potential therapeutic applications of
has been used extensively in the past several years. This antisense RNA vectors targeted to the D2 dopamine

receptor subtype. Studies are also summarized in whichreview considers the advantages of the antisense RNA
antisense RNA has been used to develop more effectiveapproach over the use of antisense oligodeoxynucle-
therapies for infections with certain viruses such as theotides, the different means by which one may deliver
human immunodeficiency virus and the virus of hepati-and produce antisense RNA inside cells, and the exper-
tis B, and data are reviewed suggesting new approachesimental criteria one should use to ascertain whether the
to reduce elevated blood pressure using antisense RNAantisense RNA is acting through a true antisense mech-
directed to proteins and receptors from the renin-an-anism. Its major emphasis is on exploring the potential
giotensin system. Finally, we outline some of the prob-therapeutic use of antisense RNA in several areas of
lems which the studies so far have yielded and somemedicine. For example, in the field of oncology anti-
outstanding questions which remain to be answered insense RNA has been used to inhibit several different
order to develop further antisense RNA vectors astarget proteins, such as growth factors, growth factor

receptors, proteins responsible for the invasive potential therapeutic agents.

Key words. Antisense RNA; antisense oligodeoxynucleotides; gene therapy; dopamine receptors; calmodulin;
oncology; expression vectors; gene expression; dopamine behaviors; naked DNA delivery; antiviral agents;
antihypertensives; infectious diseases; antipsychotics.

Introduction

Compounds acting by an antisense mechanism, that is
those that interact through Watson-Crick binding with

specific sequences on mature messenger RNA (mRNA)
or on their precursor mRNAs, include antisense
oligodeoxynucleotides [1–6], antisense RNA [2, 7–11]
and ribozymes [12–14]. Studies performed over the past
several years have shown that an antisense strategy can
be used to solve diverse problems in basic biomedical* Corresponding author.
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research and have also suggested the possibility that this
strategy may be used for developing novel therapeutic
agents. Antisense oligodeoxynucleotides have been most
extensively studied and have been the subject of several
recent reviews and monographs [1–6]. Therefore, they
will not be the major object of the present review.
Rather, this review will focus on the more recent studies
of the properties and applications of antisense RNA,
which we believe offer several distinct advantages over
the antisense oligodeoxynucleotides. We will summarize
the evidence showing how these highly specific alterna-
tives to traditional pharmacological antagonists can be
used to block the functions of proteins expressed by
mammalian cells in vitro and in vivo and how they
ultimately may be developed into clinically useful agents
for treating relevant diseases in humans. In particular,
we have included studies from our own laboratory
wherein we have designed vectors expressing antisense
RNAs which may have applications for studying and
treating certain neuropsychiatric disorders and particu-
lar types of cancer.

Types of antisense approaches

Although the basic principle underlying the develop-
ment of all antisense compounds is similar, that is
complementary pairing between the antisense com-
pound and its specific target, several different types of
antisense approaches have been developed depending
on the nature of the antisense compound. The different
types of antisense compounds may act at various stages
of the synthesis of a biologically active target protein,
but all are designed to ultimately inhibit the function of
the protein. The different types of antisense approaches
employed to date are briefly presented below.
One type of antisense approach is the use of antisense
deoxyribonucleic acids. Antisense oligodeoxynucle-
otides are relatively short (usually 15–25 bp), single
strands of deoxyribonucleotides, which are designed to
be complementary to discrete sites on a specific targeted
messenger RNA forming DNA:RNA hybrids. The
binding of the antisense agent to the transcript, if effec-
tive, inhibits the translation of the encoded protein.
Oligodeoxynucleotides have probably been the most
extensively studied antisense compounds and have al-
ready been used with success in human clinical trials
[15, 16]. It should be pointed out that oligodeoxynucle-
otides have also been used to inhibit gene transcription
by other than true ‘antisense’ mechanisms. These ap-
proaches include (i) the ‘antigene’ approach in which
the oligodeoxynucleotides are designed to bind to DNA
directly and, by forming a triple-stranded helix, to in-
hibit transcription [7]; and (ii) transcription factor de-
coys, which are oligodeoxynucleotide duplexes designed

to bind to transcription factors and, by sequestering
them, inhibit their function [17].
Another type of antisense approach utilizes ribonucleic
acids which, like antisense oligodeoxynucleotides, bind
by complementary interactions with a specific target
mRNA (in this case forming RNA:RNA hybrids) and
subsequently block one of the several steps involved in
the translation of a targeted protein. This approach,
which will be the major subject of this review, can use
naked DNA-containing genes that express antisense
RNA, or can use expression vectors that continuously
synthesize antisense RNA inside the cell (this approach
will be referred to as antisense RNA gene therapy). The
basic mechanism involved is similar to that used in gene
therapy except that an antisense RNA rather than a
sense RNA is produced by the inserted transgene. An
advantage of antisense RNA gene therapy over the
more widely employed sense gene therapy is that the
antisense RNA approach requires a knowledge and
synthesis of only a small portion of the total gene
sequence. Moreover, the promoter and other regulatory
sequences on the gene need not be known. An interest-
ing related approach is the use of transgenic mice ex-
pressing antisense RNA [14, 18]. Other types of
antisense RNA strategies include the use of ribonucleic
acids with catalytic activity, termed ribozymes, which
cleave messenger RNA [12, 19], and peptide nucleic
acids, which have been shown to hybridize in a se-
quence-specific fashion to single-stranded RNA or
DNA [20].

Advantages of antisense approaches over conventional
pharmacotherapy

As reviewed elsewhere [21], several characteristics make
antisense compounds more attractive than conventional
pharmacological antagonists for inhibiting the function
of specific proteins. Antisense DNA and RNA have
extremely high specificity for their target, a degree of
specificity which cannot ordinarily be achieved using
conventional pharmacological antagonists. Since the
antisense compounds inhibit the function of a given
protein at the nucleic acid level, they can be used to
uncover the role of different transcripts encoding the
same protein or the role of closely related subtypes of
proteins such as neuroreceptors. In addition, antisense
compounds can be easily designed and only require
information on the nucleic acid sequence encoding a
given protein without prior knowledge of the function
of that protein. This may be especially useful for uncov-
ering the function of newly discovered genes. Finally,
there is evidence suggesting that antisense compounds
(oligodeoxynucleotides and antisense RNA) may inhibit
the synthesis of a small pool of newly formed receptors,
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which may constitute the pool of functional receptors
responsible for mediating their biological effects [22,
23]. By inhibiting the synthesis of receptor proteins
rather than blocking the interaction between the recep-
tors and their neurotransmitters, as conventional phar-
macological antagonists do, the antisense compounds
may not induce compensatory elevations in the levels or
the biological functions of the receptors, a problem
which arises from the long-term application of certain
traditional pharmacological receptor antagonists (see
below).
Antisense compounds, however, unlike conventional
pharmacological antagonists, have been used in vivo
only recently, and there is relatively little information
about the possible long-term consequences from their
repeated use. Although antisense compounds have
yielded promising results in initial trials in animals and
humans, there is little knowledge about their possible
toxicities. Further, since antisense agents act by inhibit-
ing protein synthesis and, therefore, have an effect only
when the proteins are turning over, they may have a
longer onset of action than the pharmacological antago-
nists. This is particularly true if the target protein has a
long half-life. Most receptor proteins, however, have a
relatively short half-life.
Within the past few years it has been found that several
mammalian genes have naturally occurring antisense
RNA species, and it has been proposed that these
antisense RNAs are mediators of gene expression [24].
This evidence suggests that antisense compounds may
be a safe approach which can be used to develop
therapeutic agents. The antisense compounds, however,
especially vector-generated antisense RNA, may be
more difficult to standardize than the traditional phar-
macological drugs. Since they would be produced inside
the cell by an expression vector, the level of synthesized
RNA would be dependent upon many factors which are
difficult to control, such as the strength of the promoter
in a particular cell type.

Comparison between the properties of antisense
oligodeoxynucleotides and antisense RNA

There are several differences in the properties and appli-
cation of antisense oligodeoxynucleotides and antisense
RNA expression vectors. One advantage of antisense
oligodeoxynucleotides is that they can be readily syn-
thesized and therefore are readily available from com-
mercial sources. By contrast, constructing recombinant
vectors expressing antisense RNA requires more spe-
cialized biotechnology and can sometimes be time-con-
suming. In addition, since antisense oligodeoxy-
nucleotides are manufactured using DNA-synthesizing
equipment, these compounds may be more easily stan-

dardized than antisense RNA, which is transcribed in-
tracellularly from a vector, an issue which might be of
importance if these reagents are developed as therapeu-
tic drugs. Another important advantage antisense
oligodeoxynucleotides have over antisense RNA is that
the oligodeoxynucleotides can be chemically modified to
increase their solubility, specificity, stability, potency
and penetration into cells. For example, phosphoro-
thioate oligodeoxynucleotides, which are currently the
most widely used oligonucleotide derivative, are rela-
tively resistant to nucleases and, therefore, are more
stable in biological media, although some of these
oligonucleotides have been shown to have significant
toxicity [2]. Of the many other chemically modified
oligonucleotides that have been studied, peptide nucleic
acid analogs are particularly interesting, as these agents
have been shown to bind to both single-stranded and
double-stranded nucleic acid moieties with high affinity
and sequence specificity. They are also quite stable to
nucleases and peptidases [20].
Expression vectors producing antisense RNA have ma-
jor advantages over the oligodeoxynucleotides in that,
since the vector can synthesize the antisense RNA con-
tinuously inside the cell after a single administration, it
would have a longer duration of action. In addition, the
antisense RNA-generating vectors offer the possibility
of incorporating cell-specific promoter elements, which
will allow the expression of the antisense RNA only in
certain target cells. These issues are especially important
in the development of therapeutic agents (see below for
a model by which one may selectively target individual
cell types).
Other comparisons of the characteristics of antisense
oligodeoxynucleotides and antisense RNA have been
discussed in detail in several earlier reviews [2, 11, 21].
Both types of antisense compounds may be suitable for
studying the effects of inhibiting the synthesis of target
proteins; the choice of compound depends on the aim of
the study and the technical expertise of the laboratory.
Often it is appropriate to perform the initial studies
with antisense oligodeoxynucleotides because they can
be readily synthesized. In addition, using oligodeoxynu-
cleotides it is more feasible to examine simultaneously
several oligodeoxynucleotides complementary to differ-
ent sites on the target mRNA in order to determine
which region might be more susceptible to antisense
inhibition. If these experiments yield successful results,
they might serve as the basis for the development of
antisense RNA directed to the region of the targeted
mRNA which has been found to be susceptible to
antisense inhibition. Experience from our laboratory
with antisense oligodeoxynucleotides targeted to the
transcripts encoding the dopamine receptor subtypes
[23, 25, 26] and the individual calmodulin transcripts
[27, 28] suggested that the main disadvantage of the use
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of antisense oligodeoxynucleotides is the need for multi-
ple administration. This was the reason to employ ex-
pression vectors synthesizing antisense RNA to the
transcripts encoding the D2 dopamine receptor [2, 29]
and calmodulin [29, 30] (see below for more details of
these studies).
A major advantage of the use of antisense RNA is the
long-term expression of the antisense compound inside
the cell after a single administration. As mentioned
earlier, since the antisense RNA is produced by an
expression vector, it is possible to target the expression
vector only to certain cell types and to incorporate a
promoter which allows inducible expression of the anti-
sense RNA. These properties would be especially useful
when developing therapeutic agents to block the expres-
sion of abundantly expressed targets, such as the do-
pamine receptors or calmodulin, which are expressed in
different regions where they mediate distinct functions.
A difficult problem associated with the use of antisense
RNA expression vectors, however, is the poor penetra-
tion and uptake of the expression vectors into the
tissues and cells in comparison with the antisense
oligodeoxynucleotides. For example, using a fluores-
cently labeled antisense oligodeoxynucleotide to the D2
dopamine receptor, we found that after a single injec-
tion into the lateral ventricle, the oligodeoxynucleotide
penetrated rapidly into many brain regions, including
the corpus striatum, septum, hippocampus, hypothala-
mus, cerebral cortex, nucleus accumbens, substantia
nigra and cerebellum [31]. However, studies of the dis-
tribution of antisense RNA vectors in brain showed a
far slower and less invasive spread from the injection
site [32]. Although in these studies the antisense RNA
expression vector was administered intrastriatally and

not intracerebroventricularly, the distribution of the
vector found by in situ polymerase chain reaction
(PCR) was less than expected considering the injection
volume (5 ml into one striatum) and the amount of
plasmid vector DNA (25 mg).

Delivery, expression and targeting antisense RNA
expression vectors

A large body of information concerning the properties
of vectors suitable for the delivery and expression of
nucleic acids has been derived from studies in which the
aim was to develop gene therapy for treating human
disorders. Much of this information can be adapted for
antisense RNA gene therapy. Several approaches may
be utilized in order to effectively deliver and express the
antisense RNA inside the cell. These plans of attack,
which have been the subject of several recent reviews
[33–36], may be generally divided into the use of naked
DNA that expresses an antisense RNA or the use of
RNA-generating vectors, the latter using a viral, nonvi-
ral or tailored approach to gain access to cells. Naked
DNA, while relatively simple to design and administer,
is likely to have a short duration of action and, unlike
vectors generating antisense RNA, cannot readily be
targeted to individual cell types. The main characteris-
tics of the different vectors that may be suitable to
express sense or antisense RNA are summarized in table
1.
Viral vectors are defective viruses that retain the inher-
ent tropism of the viruses for certain cell types and
utilize strong promoters for expression of the recombi-
nant sequence. However, in many cases they retain
characteristics of the wild-type viruses, which may cause

Table 1. Characteristics of vectors suitable for the expression of antisense RNA.

Vector Type Advantages Disadvantages

Retrovirus accommodates large foreign sequences; difficult production of high titer virus preparations;
transduces many replicating cells random integration into the host genome

Lentivirus transduces nondividing cells; inherent pathogenicity of wild-type HIV virus
lack of expression of immunogenic viral proteins

Adenovirus accommodates large foreign sequences; induction of strong immune response in the host
transduces many replicating and nonreplicating cells;
easy purification of large-titer virus preparations;
episomal
transduces replicating and nonreplicating cells;Adeno-associated accommodates small foreign sequences; requires

virus relatively non-toxic; small genome helper virus
Herpes simplex marked neurotoxicityaccommodates large foreign sequences;

virus transduces nerve cells
Nonviral plasmid ease of production; low transfection efficiency;

DNA transfects dividing and nondividing cells; unstable transgene expression
does not integrate into the host genome

Cationic lipids readily available; large variety suitable for different cell toxicity at high doses
types;
support high efficiency of transfection

Molecular conju- large size; nonspecific binding;selective targeting to certain cells or subcellular struc-
difficult synthesisturesgates
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undesired effects in their host. Retroviral vectors have
been one of the key vector types for gene therapy
because of their wide host range. However, their use has
been limited by the difficulties in purifying high-titer
recombinant viruses. An additional disadvantage has
been their ability to integrate into the host genome, thus
creating the risk of insertional mutagenesis. Until re-
cently the use of retroviral vectors was limited only to
dividing cells, but a new human immunodeficiency
virus-based vector has been developed which has the
ability to target terminally differentiated neurons of the
central nervous system [37]. Major advantages of the
adenovirus-based vectors have been their ability to ac-
commodate long genes, to transduce many dividing and
nondividing cell types, to persist in an episomal state in
the host and to be purified to large titer preparations
rather easily. These vectors, however, have been re-
ported to induce a strong immune responses in the host
[38, 39]. Although steps have been taken to obtain
vectors deleted of the genes that induce an immune
response, this problem is still not entirely solved [40,
41]. A promising vector system for the delivery of genes
into both dividing and nondividing cells is based on the
defective adeno-associated viruses [42, 43]. At present
the use of this system is restricted by the relatively short
recombinant sequence which can be inserted and the
technical problems in producing large quantities of viral
vectors [44]. Herpes simplex virus type 1-based vectors
are particularly suitable for delivering foreign genes into
neurons because the herpes simplex virus can establish
long-term latency in neurons, but these types of vectors
have been reported to be cytotoxic [45, 46].
Nonviral vectors contain mammalian expression plas-
mids and do not penetrate into cells as efficiently as the
viral vectors do, but do not have as many side effects
associated with their use. For example, they lack the
inherent pathogenicity of viral vectors. Their produc-
tion is relatively easy as compared to the production of
high-titer viral vectors. The nonviral vectors have been
shown to penetrate into both dividing and nondividing
cells. Moreover, they have not been shown to integrate
into the genome in vivo, and therefore are not likely to
create a risk of insertional mutagenesis. A great number
of cationic lipids and polymers have been complexed
with the plasmid DNA in order to protect it from the
action of nucleases and to enhance the entry of plasmid
DNA into the cells in vitro and in vivo [47]. Although
the cationic lipids are relatively safe, at high doses they
may elicit inflammatory or toxic reactions [48]. The
tailored approaches include vectors that have been de-
signed so that the vector is targeted only to specific cell
types, which increases their uptake into these cells [49].
These approaches involve the construction of molecular
conjugates between nonviral or viral vectors and low
molecular weight effector molecules which usually

target the entire conjugate to a cell surface receptor. For
example, antibodies can be used as cell-targeting lig-
ands. The molecular conjugates have also been con-
structed to contain effectors, such as adenovirus, which
facilitate the escape of the vector DNA from the endo-
some [50], or molecules that enhance the entry of the
DNA into the cell nucleus [51]. Some difficulties associ-
ated with this type of approach are the large size of the
molecular conjugates and the immunogenicity of the
targeting ligands.
A problem with all vectors, more evident with the
nonviral vectors, is that the expression of the antisense
RNA disappears with time. This, however, is a property
of traditional pharmacological agents as well, almost all
of which have a limited duration of action. Indeed,
nonviral vectors may have a duration of action that is
far longer than most conventional drugs (see below). Of
course, in some cases a short duration of action is a
desirable feature. Ideally, though, one would have the
ability to determine and alter the duration of action of
the agent to suit the particular therapeutic regimen.
Such an option may be achievable in an antisense RNA
delivery system if an inducible promoter is incorporated
into its sequence and if this promoter is activated by an
exogenously administered transcription activator that
itself has a short duration of action (see the last section
in this review on outstanding problems and questions
related to the development of antisense RNA expres-
sion vectors).
The main characteristics of the different vectors pre-
sented above have determined the choice of vectors in
the antisense RNA experiments performed to date. For
example, from table 2 on the in vivo application of
antisense RNA in oncology (see below), it can be seen
that nonviral expression plasmids have been frequently
used because they are easier to use than the viral vectors
and do not have as many toxic effects. However, for
certain cell types that proliferate very rapidly, such as
leukemic cells, retroviral vectors are the most appropri-
ate choice. In contrast, these retroviral vectors would
not be suitable to deliver antisense RNA into nondivid-
ing normal brain tissue.

Potential therapeutic applications of antisense RNA
expression vectors

Although there was originally skepticism toward the
possibility of inhibiting gene expression using antisense
RNA, in the past several years numerous reports have
demonstrated the application of antisense RNAs to
study biological processes, and there are even sugges-
tions of their potential utility as therapeutic agents in
neurology, psychiatry, cardiology, infectious diseases
and oncology. Most of the studies on the use of anti-
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Table 2. Potential therapeutic application of vectors expressing antisense RNA in oncology.

Antisense effects ReferenceTarget protein Antisense RNA vector type Experimental model*

suppression of cell growth in vitro;adenoviral, Ad5CMV 53Human papilloma virus 16 (HPV16) human cervical cancer cells harboring
HPV16, SiHa inhibition of tumorigenicity in mice

inhibition of cell growth in rats 54plasmid with Zn-inducible, metallothionein-1 rat glioma cells, C6Insulin-like growth factor receptor type I
(IGF-IR) promoter

rats injected subcutaneously andplasmid with Zn-inducible, metallothionein-1Insulin-like growth factor receptor type I subcutaneous injection of IGF-I antisense 55
(IGF-IR) promoter RNA-transfected C6 glioma cells into ratsintracranially with nontransfected C6

glioma cells prevents the formation of subcutaneous or
brain tumors induced by nontransfected C6
cells

episomal plasmidInsulin-like growth factor receptor type I IGF-I antisense RNA-transfected LFCI2 Ahepatocarcinoma cells, LFCI2 A that 60
produce tumors when injected cells are poorly tumorigenic and induce(IGF-IR)
subcutaneously into syngeneic reduction in the size of already established

tumorsCommentry rats
rat glioma cells, C6 inhibition of IGF-1-mediated growth inInsulin-like growth factor receptor type I plasmid with inducible Drosophila heat shock 56

(IGF-IR) promoter monolayers and clonogenicity in soft agar;
subcutaneous injection of IGF-I antisense
RNA-transfected C6 glioma cells into rats
causes complete regression of previously
established wild-type C6 tumors

murine metastatic carcinoma cells, H-59plasmidInsulin-like growth factor receptor type I 57reduced expression of IGF-IR and inhibited
responsiveness to IGF-IR in vitro;(IGF-IR)
suppression of the metastatic potential of
the cells in vivo

Insulin-like growth factor receptor type I plasmid with Zn-inducible, metallothionein-1 rat prostate adenocarcinoma cells, 59inhibition of the expression of IGF-IR,
tissue-type and urokinase-type plasminogenPA-IIIpromoter(IGF-IR)
activators in PA-III cells; suppression of
tumor growth in mice

Ets-family transcription factor E1AF suppression of the invasive potential inplasmid 68human oral squamous cell carcinoma
cells, HSC3 three-dimensional raft cultures; suppression

of the invasive potential into nude mice
human epidermoid carcinoma cells, receptor-deficient cells enter a state ofUrokinase plasminogen activator receptor, 69plasmid

uPAR HEp3 survival without signs of progressive growth
decrease in the in vitro adhesive andhuman melanoma cellsplasmid 70Secreted protein acidic and rich in cysteine,
invasive capacities of tumor cells; completeSPARC
abolition of in vivo tumorigenicity
decrease in the rates of cell proliferation;Calmodulin 29plasmid rat pheochromocytoma, PC12 cells
appearance of neurite outgrowth

162suppression of the proliferative andhuman colon cancer cellsretroviralGastrin
tumorigenic potential of tumor cells
suppression of the proliferative potential andnude mice implanted subcutaneouslyplasmid 63Vascular endothelial growth factor, VEGF
reduced formation of vessels in vivowith antisense-VEGF-containing rat C6

glioma cells

murine B10 cells; human inhibition of the proliferation of B10 andBCR-ABL gene product of the Philadelphia 73retroviral
chromosome, P210 erythroleukemia cells, K562 K562 cells in vitro
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sense RNA expression vectors have been performed in
in vitro preparations [2]. Indeed, there have been hun-
dreds of reports in the scientific literature of the more
general use of antisense RNA vectors as tools to investi-
gate the functions of different proteins in vitro, and
several reviews have been already published on this
subject [2, 7–10]. Therefore, we will concentrate our
attention on the effects of antisense RNA expression
vectors in vivo, paying particular attention to their
potential clinical use.

Oncology
The potential utility of antisense RNA expression vec-
tors for gene therapy of oncologic diseases has been the
subject of numerous investigations (table 2). Some rea-
sons for this intense interest in the use of antisense RNA
in the area of oncology are that oncologic conditions are
difficult to treat, that there are serious side effects
associated with the use of conventional therapeutic ap-
proaches based on radiation and chemotherapeutic
drugs, that these treatment modalities are toxic to nor-
mal as well as to tumor cells and that the tumor cells
often develop resistance to the therapy. The antisense
RNA approach allows the investigators not only to
study the function of newly discovered tumor proteins
but also to explore the suitability of antisense RNAs as
potential therapeutic agents which target these tumor-
inducing proteins. In addition, in untreatable oncologic
conditions the experimental use of antisense RNA-based
therapeutic approaches may be more easily justified. The
general paradigm that has been undertaken in perform-
ing these studies has been a combined in vitro/in vivo
approach. The initial studies have usually been carried
out in suitable cell lines expressing the targeted tumor
antigen and subsequently extended in vivo in order to
evaluate the efficacy in appropriate animal models.
From table 2 it can be seen that a number of different
types of proteins associated with the malignant pheno-
type of cancer cells have been targeted with antisense
RNA, such as receptors for growth factors (e.g. the
receptor for insulin-like growth factor), growth factors
themselves (e.g. vascular endothelial growth factor),
viruses (e.g. human papilloma virus), transcription fac-
tors (e.g. ets-family transcription factors), products of
abnormal gene rearrangement (e.g. the BCR-ABL
product of the Philadelphia chromosome), enzymes (e.g.
enzymes conferring resistance to antitumor drugs and
enzymes involved in the proliferative potential of tumor
cells) and proteins directly involved in cell cycle progres-
sion (e.g. cyclins and phosphoprotein p18). In addition
to these targets, many other proteins expressed by tumor
cell lines have been targeted using antisense RNA in in
vitro studies of the biology of tumor cell growth [10, 11,
52], but these studies are beyond the scope of the present
review. Some examples of the potential therapeutic use
of plasmid designed to express antisense RNA for theT
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purpose of inhibiting tumor cell growth are discussed
below. To explore the potential of antisense RNA in the
treatment of cervical cancer, an adenoviral vector was
used to transcribe RNA antisense to the transcripts of
the E6 and E7 genes of human papilloma virus (HPV)
16 [53]. These viral gene products were chosen as targets
because of the well-established role of HPV in the
development of cervical cancer. A recombinant aden-
oviral cassette, containing a human cytomegalovirus
(CMV) promoter and the entire E6/E7 region of HPV
inserted in the antisense orientation, was transduced
into SiHa human cervical cancer cells. The antisense
vector-infected SiHa cells evidenced the presence of
HPV 16 E6/E7 antisense RNA and had markedly de-
creased growth rates. Subsequently, the HPV 16 E6/E7
antisense RNA-infected cells were injected into nude
mice. These cells demonstrated loss of tumorigenicity,
suggesting that this might be a suitable approach to the
therapy of HPV 16-positive cervical cancer.
Encouraging results were obtained in a series of studies
in which the insulin-like growth factor receptor type 1
in tumors was targeted using antisense RNA (IGF-IR)
[54–60]. Insulin-like growth factors are critical regula-
tors of cell growth, an action that is mediated by their
binding to the IGF-IR. The IGF-IR receptor is overex-
pressed by glioblastomas, which are tumors with a
highly malignant course and are very difficult to eradi-
cate. In most of the aforementioned studies [54–56, 58,
60], different types of plasmid vectors expressing IGF-
IR antisense RNA were initially transfected into rat C6
glioma cells. This treatment caused the inhibition of
glioma cell proliferation in vitro and subsequently in
vivo after injection of the antisense-transfected glioma
cells into rats. More important, one of these studies
demonstrated that the IGF-IR antisense-transfected C6
glioma cells, upon injection into rats, prevented the
formation of tumors induced by the injection of non-
transfected C6 glioma cells into the same animal. The
antisense-transfected glioma cells also caused regression
of already established brain glioblastomas when in-
jected at a point distal to the tumor, effects which were
the result of a glioma-specific immune response [55].
The induction of regression of already established C6
glioma tumors in rats after injection of anti-IGF-IR
antisense RNA-transfected C6 glioma cells was also
documented in a later study [56], thus providing sub-
stantial support for the possible role of IGF-IR anti-
sense RNA in the therapy of glioblastomas. In another
study, it was shown that IGF-IR antisense RNA not
only prevented the growth of primary tumors but also
prevented the formation of metastasis [57]. The highly
metastatic murine carcinoma H-59 cells were trans-
fected with a plasmid vector expressing IGF-IR anti-
sense RNA. When injected in vivo, these cells did
not give rise to metastases under conditions which al-

lowed wild-type or control transfectants to form multi-
ple hepatic and pulmonary metastases. Since IGF-IR is
highly expressed by malignant gliomas, which are usu-
ally very difficult to manage, the use of antisense RNA
may be a suitable adjunct to the existing therapeutic
approaches.
Type I insulin-like growth factor receptors are also
overexpressed by prostate cancer cells. These cells selec-
tively metastasize to bone, an environment rich in in-
sulin-like growth factors which provides support for
further prostate cancer cell growth. In an attempt to
limit the growth of prostate cancer, rat prostate adeno-
carcinoma cells (PA-III) were stably transfected with a
plasmid vector producing IGF-IR antisense RNA un-
der the control of a zinc-inducible metallothionein pro-
moter [59]. Treatment with zinc resulted in a reduction
of the expression of both tissue-type plasminogen acti-
vator and of urokinase-type plasminogen activator by
PA-III cells. These effects were also accompanied by a
dramatic reduction in the levels of the endogenous
IGF-IR mRNA, thus suggesting that the reduction in
the levels of these activators was a consequence of the
induction of IGF-IR antisense RNA in the transfected
cells. Furthermore, mice injected with the IGF-IR anti-
sense-transfected PA-III cells either developed tumors
90% smaller than those of the controls or remained
tumor-free for a relatively long period of time. These
results suggested that IGF-IR might be a suitable target
for antisense RNA treatment of prostate cancer, which
has been ranked as one of the leading causes of death
from malignancy in men in the United States.
Another means by which one may develop an effective
therapy for cancer involving solid tumors is by inhibit-
ing tumor angiogenesis, as vascularization is critical for
tumor growth and progression [61]. For example, one
event that accompanies the progression of gliomas is an
increase in angiogenesis. Low-grade gliomas are moder-
ately vascularized tumors, whereas high-grade gliomas
show prominent microvascular proliferations and areas
of high vascular density [62]. Vascular endothelial
growth factor (VEGF), a powerful mitogen for vascular
endothelial cells that promotes angiogenesis in solid
tumors, was chosen as the target to inhibit using anti-
sense RNA [63]. Rat C6 glioma cells were transfected
with a plasmid vector expressing antisense RNA to
VEGF and were subsequently observed to express re-
duced levels of VEGF in culture under hypoxic condi-
tions (hypoxia rapidly induces VEGF in tumor cells).
When implanted subcutaneously into nude mice, the
growth of the VEGF-antisense RNA-transfected cells
was greatly inhibited compared with the control cells,
despite the fact that they showed a faster division time
in vitro. Analysis of the tumors resulting from the
antisense RNA-transfected cells revealed that, in addi-
tion to having a relatively small overall size, they had
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fewer blood vessels and a higher degree of necrosis [63].
This study suggested that VEGE might be suitable
target for antisense RNA inhibition of tumor angiogen-
esis. In addition, this approach might be a suitable
alternative to the currently developed antiangiogenic
drugs. For example, two new antiangiogenic drugs that
have been widely publicized because they have shown
encouraging results in experimental animals are endo-
statin and angiostatin [64–67]. Studies in mice have
shown that angiostatin inhibits the development of
blood vessels in already established tumors, whereas
endostatin inhibits the formation of new tumors. Al-
though these drugs may be promising, their potential
toxic effects in humans are not yet known. In addition,
concern has been raised whether drugs that inhibit the
formation of new tumor blood vessels in tumors might
impair the ability of the body to heal wounds. In this
respect, an antisense RNA agent would have an advan-
tage if it could be selectively delivered and expressed
only in the tumor cells. There is also the possibility of
employing an antisense RNA agent as an adjunct to
other antiangiogenic therapies for more effective eradi-
cation of the tumor cells.
Proteins linked to the invasive potential of tumor cells
are also suitable targets for antisense RNA inhibition,
as acquisition of an invasive/metastatic potential is a
key event in tumor progression. In one study, antisense
RNA was used to inhibit the function of an ets-family
transcription factor, E1AF [68]. This target was chosen
because it had been reported that E1AF can upregulate
the transcription of matrix metalloproteinase genes and
can confer an invasive phenotype on human cancer
cells. An E1AF antisense RNA expression plasmid vec-
tor was transfected into a human oral squamous cell
carcinoma-derived cell line (HSC3), which manifests
high levels of both E1AF and the matrix metallo-
proteinase genes MMP-1 and MMP-9 [68]. The anti-
sense-transfected cells showed a lower invasive potential
in three-dimensional raft cultures and in nude mice.
This was likely due to the effects of the antisense RNA,
as it was accompanied by decreased mRNA and de-
creased levels of the MMP-1 and MMP-9 proteins in
the squamous cell carcinoma HSC3 cells. It should be
emphasized, however, that when targeting transcription
factors that are not tumor cell-specific, it would be
useful to selectively inhibit the function of the transcrip-
tion factor in the tumor cells, while sparing the normal
cells.
Another protein linked to the invasive potential of
tumor cells which has been targeted using antisense
RNA is the urokinase plasminogen activator receptor
(uPAR). This receptor has been linked to the enhanced
invasiveness of certain tumor cells. Insertion of an anti-
sense RNA expression plasmid into the HEp3 human
epidermoid carcinoma cells resulted in significantly re-

duced invasiveness of the transfected cells [69]. More-
over, the uPAR antisense RNA altered the phenotype
of the Hep3 tumor cells from tumorigenic to dormant
(determined by inoculation into the chorioallantoic
membranes of chick embryos).
The invasive potential of human melanoma cells has
also been suppressed using antisense RNA. In one study
[70], an expression plasmid was used to synthesize RNA
antisense to the secreted glycoprotein SPARC (secreted
protein, acidic and rich in cysteine) in human melanoma
cells. This treatment resulted in a marked decrease in
the in vitro adhesive and invasive capacities of the
melanoma cells and completely abolished their tumori-
genicity in vivo. These results suggested that SPARC,
which is expressed not only by melanomas but also by
other types of tumors, might be a suitable target for
antisense RNA treatment in order to block the invasion
of tumors.
The hybrid bcr/abl gene product of the Philadelphia
chromosome may also serve as a target for antisense
inhibition because it is expressed as the result of an
abnormal gene rearrangement (resulting in the forma-
tion of the Philadelphia chromosome), which occurs
exclusively in chronic myeloid leukemia cells. It is not
surprising, therefore, that inhibiting the expression of
the abnormal gene product from the Philadelphia chro-
mosome with antisense oligodeoxynucleotides has effec-
tively blocked the proliferation of leukemia cells [71,
72]. In a related study [73], the expression of the bcr/abl
gene product, protein P210 with a deregulated tyrosine
kinase activity, was targeted using antisense RNA. For
this purpose the antisense RNA was delivered and
produced in human erythroleukemic K562 cells by
means of a retroviral vector. This treatment resulted in
an almost complete inhibition of the expression of P210
by the antisense transfected leukemic cells and in an
almost twofold increase in their doubling time. This
study suggested that such an antisense technique could
be used for selective suppression of leukemic
hematopoiesis.
Another protein involved in leukemic hematopoiesis,
which has been shown to be a target for inhibition of
antisense RNA, is phosphoprotein p18. Phosphoprotein
p18 is expressed by leukemic cells from different lin-
eages and plays an important role in cell cycle progres-
sion. Antisense RNA inhibition of p18 expression in
leukemic K562 cells resulted in growth arrest at a lower
saturation density, loss of serum independence and loss
of anchorage-independent growth in vitro [74]. In addi-
tion, inhibition of the expression of p18 resulted in a
marked inhibition of the tumorigenicity of leukemic
cells in vivo in the severe combined immune deficiency
mouse model. These studies demonstrated that the
phosphoprotein p18 may also be a suitable target for
antileukemic interventions.
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The cyclins, which are important molecular components
of the cell cycle and, therefore, are closely linked to
cellular transformation and tumorigenesis, may also
serve as targets for inhibition using antisense RNA. The
cyclin G1 (CYCG1) is considered to be a protoonco-
gene that is frequently overexpressed by human os-
teosarcoma cells. The expression of cyclin G1 in human
MG-63 osteogenic sarcoma cells was reduced using a
retroviral vector producing antisense RNA [75]. This
treatment induced marked cytostatic and cytocidal ef-
fects in the antisense-transfected cells, suggesting that
this might offer a potential gene therapeutic approach
in the clinical management of osteogenic sarcoma. This
idea was further supported by studies in which the same
antisense cyclin G1 retroviral vector was delivered di-
rectly into rapidly growing subcutaneous osteogenic
sarcoma-derived tumors in nude mice [76]. The anti-
sense treatment inhibited the growth of the tumors, as
demonstrated by decreased mitotic indices and in-
creased stroma formation within the residual tumors.
Furthermore, analysis of the cell cycle kinetics showed
that there was a decrease in the number of cells in the S
and G2/M phases of the cell cycle, concomitant with an
accumulation of cells in the G1 phase.
Other interesting targets for antisense RNA inhibition
are proteins linked to the resistance to chemotherapeu-
tic agents that develops in tumor cells, as the develop-
ment of drug resistance is a frequently encountered
problem associated with the use of existing anticancer
chemotherapy [77, 78]. For example, chloroethylnitro-
sourea (ACNU) is the drug of choice for chemotherapy
of human malignant brain tumors. However, the cytoci-
dal effect of ACNU is abrogated through repair of the
ACNU-induced lesions in DNA by the enzyme O6-
methylguanine-deoxyribonucleic acid methyltransferase
(MGMT). This enzyme is found in several different
types of solid tumors, among which are brain tumors.
An antisense RNA expression plasmid directed to the
enzyme MGMT was transfected into a clone of C6
glioma cells, C6AR, which were resistant to ACNU
[79]. The antisense treatment resulted in a significant
repression of the resistance of C6AR tumor cells to
ACNU, suggesting that this might be a useful strategy
for overcoming ACNU resistance in the treatment of
gliomas.
It should be emphasized that the studies outlined above
are only a few examples from the many different types
of proteins that may be targeted with antisense RNA in
order to limit and inhibit tumor cell growth. Indeed,
whenever the nucleic acid sequence encoding a new
protein linked to tumor cell progression is discovered,
this protein could serve as a target for antisense RNA.
This antisense RNA may help to uncover the function
of this protein and possibly to develop useful antisense
RNA therapeutic agents.

Calmodulin antisense RNA
Another protein which is essential for cell proliferation
and which has been linked to cell differentiation is
calmodulin. Calmodulin has been found to be overex-
pressed by certain types of tumor cells, such as gliomas
[80], breast cancer [81] and leukemic cells [82]. Calmod-
ulin is a ubiquitous, highly conserved protein with di-
verse functions. In humans and rats it is encoded by
three genes that collectively give rise to five transcripts,
all of which encode a protein with an identical amino
acid sequence [83]. The levels of the individual calmod-
ulin transcripts arising from the three calmodulin genes
vary during the differentiation of PC12 cells [84, 85].
Further, reducing the levels of calmodulin in PC12 cells
using calmodulin antisense RNA produced by a mam-
malian expression plasmid reduced the rates of cell
proliferation and also induced cell differentiation [30].
Since PC12 cells have been originally derived from the
adrenal medullary tumor pheochromocytoma, these
studies suggested that it would be possible to block cell
proliferation and induce differentiation of tumor cells
by inhibiting the expression of calmodulin. One prob-
lem with this approach, however, is the fact that al-
though calmodulin is overexpressed by certain tumor
cell types, it is expressed, albeit at lower levels, in all
normal cells as well. We reasoned that a possible solu-
tion to this problem might be achieved by targeting
only the transcripts from the most abundantly ex-
pressed (dominant) calmodulin genes found in the tu-
mor cells. For example, the transcripts from calmodulin
genes I and II are dominant in PC12 cells, whereas the
transcripts from calmodulin gene III are found at very
low levels in these cells [84, 86]. In contrast, in certain
lymphoblastoid cells, the transcripts from calmodulin
gene III are dominant, whereas in normal quiescent
lymphocytes, the transcripts from calmodulin gene III
are not elevated [82]. To determine whether we can
selectively inhibit the dominant forms of the calmodulin
transcripts using antisense compounds, and in this way
selectively reduce the proliferation of cells overexpress-
ing these transcripts, we first employed antisense
oligodeoxynucleotides [27]. Selective treatment of PC12
cells with antisense oligodeoxynucleotides targeted to
the dominant transcripts from calmodulin genes I or II
inhibited the proliferation of PC12 cells and altered the
course of their differentiation. In contrast, treatment of
PC12 cells with antisense oligodeoxynucleotides to the
transcripts from calmodulin gene III, which are found
at low levels, did not inhibit their proliferation nor alter
their course of differentiation. These results suggested
that it might be possible to inhibit the proliferation of
tumor cells and influence their differentiation by specifi-
cally reducing the expression of the elevated calmodulin
transcripts using antisense compounds.
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In an attempt to achieve long-term inhibition of the
transcripts from calmodulin gene I in PC12 cells, we
developed an RNA expression vector which contains a
DNA sequence that encodes an antisense RNA targeted
to the two transcripts derived from calmodulin gene I
(fig. 1). The antisense RNA produced by this vector is
115 nucleotides long and is complementary to the entire
5% untranslated region of both the 1.7- and 4.1-kb tran-
scripts derived from calmodulin gene I. This portion of
the calmodulin message was chosen as a target because
the 5’ untranslated region of each individual calmodulin
gene is unique [83]. PCR-cloning methodology was em-
ployed to obtain a 115-bp sequence spanning the 5%
untranslated region and the initiation codon [nucle-
otides −110 to +5 of the complementary DNA
(cDNA)] of rat calmodulin gene I. This PCR product
was inserted in the antisense orientation in the expres-
sion vector pCR3 (Invitrogen). This antisense vector
(CaM I-5% AS) would be expected to target both tran-
scripts from calmodulin gene I in PC12 cells which are
expressed at high levels [84, 86].
To examine the biological effects of this vector, the
CaM I-5% AS or a control ‘empty’ pCR3 vector was
transfected into PC12 cells using lipofectin. As antici-
pated from the experiments using antisense
oligodeoxynucleotides, PC12 cells transfected with the
antisense vector evidenced slower rates of proliferation
in comparison with the cells transfected with the empty
vector (fig. 2). These studies indicated that it may be
feasible to reduce the rates of cell proliferation by
inhibiting the expression of calmodulin using specifi-
cally designed antisense RNA expression vectors.
Several additional strategies could be applied in order
to reduce the proliferation of only tumor cells while
sparing the normal cells which do not overexpress
calmodulin. As suggested earlier, one way would be to
selectively inhibit the expression of only those calmod-
ulin transcripts which are overexpressed in a particular
tumor cell type. For example, studies done in our labo-
ratory showed that the calmodulin transcripts expressed
by certain human breast cancer cell lines are different
from the calmodulin transcripts expressed by normal
human breast cells (fig. 3). Using Northern blotting, we
characterized the pattern of expression of the calmod-
ulin transcripts in RNA extracted from normal human
breast tissue and from two different human breast ade-
nocarcinoma cell lines, MCF7 and SkBr3. We found
that the RNA from normal human breast tissue dis-
played two calmodulin transcripts: one of these corre-
sponded in size to the 4.1-kb transcript from calmodulin
gene I, and the other to the 1.4-kb transcript from
calmodulin gene II. The RNA from the breast adeno-
carcinoma cell lines MCF7 and SkBr3 also displayed

the 4.1-kb transcript from calmodulin gene I and rela-
tively small quantities of the 1.4-kb transcript from
calmodulin gene II. However, in addition to these two
transcripts, the RNA from both breast cancer cell lines
showed evidence for a 1.7-kb transcript from calmod-
ulin gene I. Since we did not detect this transcript in the
normal human breast tissue, and since inhibiting the
expression of the transcripts from calmodulin gene I has
been shown to reduce cellular proliferation [27], it might
be possible to selectively inhibit the proliferation of the
breast cancer cells using an antisense RNA directed
specifically to the 1.7-kb transcript from calmodulin
gene I.
A further level of selectivity could be achieved by con-
structing a molecular conjugate vector, in which the
expression vector is complexed to an antibody that
recognizes a cell surface antigen expressed by the
targeted tumor cell type. In addition, the expression
vector may be constructed so that the calmodulin anti-
sense RNA sequence is expressed from a cell-specific
promoter. For example, if the calmodulin antisense
RNA is intended to target glial tumors, the glial fibril-

Figure 1. Construction of a calmodulin gene I antisense RNA
vector. A vector producing antisense RNA to the 1.7- and 4.1-kb
transcripts from calmodulin gene I was constructed by PCR
cloning using the plasmid containing the cDNA from calmodulin
gene I (pRCMI) and the expression plasmid pCR3 (Invitrogen).
Shown are the elements of the antisense RNA expression vector
(CaMI-5% AS), which has a molecular size of 5.2 kb: cy-
tomegalovirus immediate early promoter (PCMV), followed by a
T7 promoter, calmodulin gene I cDNA sequence of 115 bp
containing the entire 5% untranslated region and the initiation
codon, SP6 promoter, bovine growth hormone polyadenylation
signal (BGHpA), ColE1 origin of replication, thymidine kinase
polyadenylation signal (TkpA), neomycin resistance gene
(Neomycin), SV40 origin of replication (Psv40/ori), ampicillin
resistance gene (AMP) and F1 origin (F1 ori).
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Figure 2. Transfecting PC12 cells with calmodulin gene I antisense RNA vector inhibits cell proliferation. The antisense RNA vector
CaMI-5% AS or an empty vector pCR3 control was transfected into PC12 cells using lipofectin as described earlier [30]. The
photomicrographs show typical morphology and cell density of PC12 cells grown in 100-mm plates and transfected with empty cloning
vector (left), or calmodulin gene I antisense vector, CaMI-5% AS (right). As may be seen, the cells transfected with CaMI-5% AS
evidenced slower proliferation and lower cell densities in comparison with the cells transfected with the empty vector. More cells
transfected with CaMI-5% AS evidenced neurite outgrowth in comparison with the cells transfected with the empty vector. These results
suggest that inhibiting the calmodulin gene I transcripts, which are dominant in PC12 cells, inhibits their proliferation and may also
induce differentiation.

lary acidic protein promoter could be used [87, 88]. In
this way, each expression vector could be tailored in
such a way as to deliver and express the antisense RNA
only in the tumor cells and to inhibit only the dominant
calmodulin transcripts found in these cells, thereby re-
ducing the growth of the target tumor cells while spar-
ing normal cells.

Infectious diseases
Investigations have been carried out to evaluate the
potential utility of vectors expressing antisense RNA
for gene therapy of certain infectious diseases. Several
antisense RNA expression vectors have been developed
which have demonstrated in vitro and in vivo efficacy in
protecting cells against human immunodeficiency virus
(HIV) infection. The acquired immune deficiency syn-
drome (AIDS) virus would be an especially suitable
target for antisense RNA because of the rapid charac-
terization of viral and host molecular structures which
have been linked to the pathogenesis of HIV-1 infection
and AIDS. A series of studies have been focused on the
intracellular inhibition of HIV-1 replication through the
use of antisense RNA in order to interfere with the
activity of two key HIV-1 regulatory proteins, Tat and
Rev, which are powerful trans-activators of HIV-1 viral
gene expression. In a series of studies by Morgan and

colleagues, retroviral vectors have been employed to
produce antisense RNA targeted at the HIV-1 TAR
element, which is present within the untranslated leader
sequence of all HIV-1 transcripts, including the HIV
RNA genome, and is the region to which Tat binds to
activate transcription [89, 90]. In studies using transient
and stable transfection assays in vitro, it was shown
that a retroviral vector expressing antisense HIV-1 TAR
inhibited Tat-mediated transactivation of a chloram-
phenicol acetyltransferase (CAT) reporter plasmid with
the HIV-1 LTR genes [89]. Subsequently, a clinical trial
protocol for AIDS was proposed based on this study, in
which a retroviral vector would be used to deliver
antisense TAR genes to syngeneic lymphocytes ob-
tained from HIV-seronegative identical twins [90]. The
potential efficacy of these genetically engineered
lymphocytes on the functional immune status would
then be evaluated following adoptive transfer in HIV-
infected twin recipients [91].
In another study, retroviral vectors expressing HIV-1
tat or rev antisense RNA were evaluated for their
ability to protect Jurkat cells from HIV-1 infection [92].
This study showed that HIV-1 tat or rev antisense RNA
can protect the cells after challenge with HIV-1, with
the degree of protection being determined primarily by
the type of expression system utilized. They found that
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antisense RNA expression driven by a transfer RNA
(tRNA) promoter in the context of a double-copy vec-
tor conferred better long-term protection against HIV-1
infection than that driven by HIV LTR or MLV LTR
promoters. These investigators properly underscore the
need to optimize the structure of the expression vectors
in order to develop useful antisense compounds for gene
therapy.
In addition to the development of antisense RNA ex-
pression vectors, antisense RNA gene therapy of HIV
has been evaluated as a combination therapy with cur-

rently existing antiviral medications (e.g. reverse tran-
scriptase and protease inhibitors) [93]. It was reported
that the combination of Gag antisense RNA with clini-
cally relevant reverse transcriptase inhibitors (e.g. azi-
dothymidine and dideoxycytosine) or protease
inhibitors (inclinavir) was 10-fold more effective at in-
hibiting HIV replication than the single antiviral regi-
men alone. More important, Gag antisense RNA
showed antiviral efficacy against reverse transcriptase
inhibitor-resistant HIV-1 isolates [93].
Chronic infection with the hepatitis B virus (HBV) is
another candidate condition for gene therapy using
antisense RNA. Vector expression systems producing
antisense RNA have been transfected into hepatocytes
in vitro and have demonstrated the ability to generate
efficient antiviral effects during chronic HBV infection
[94]. These findings may be of significant therapeutic
value considering the serious consequences from HBV
infection, such as fulminant hepatitis, chronic hepatitis,
cirrhosis and hepatocellular carcinoma.

Cardiology
Promising results have been obtained in studies using
vectors expressing antisense RNA in order to control
cardiovascular diseases. Some studies have targeted
components of the renin-angiotensin system with anti-
sense RNA in order to lower blood pressure. One study
performed in vitro established the possibility of using
vectors producing antisense RNA in order to inhibit
expression of the mRNA encoding angiotensinogen
[95]. Another series of studies demonstrated the possi-
bility of producing prolonged reduction of high blood
pressure in vivo by using an adeno-associated viral
vector producing antisense RNA to the angiotensin
type 1 receptor [96, 97]. In initial studies, the efficacy of
a recombinant adeno-associated viral cassette contain-
ing the angiotensin receptor antisense RNA gene was
established in vitro by their finding that stably transfect-
ing the vectors into neuroblastoma NG108–15 cells
resulted in significant reductions in the levels of an-
giotensin type 1 receptors expressed by these cells. Sub-
sequently, this angiotensin receptor antisense RNA
expression cassette was administered as a single injec-
tion into the hypothalamus or into the lateral ventricles
of adult spontaneously hypertensive rats [97]. This
treatment produced a significant decrease in blood pres-
sure for up to 9 weeks after a single injection.
The approaches described above would have the advan-
tage over existing pharmacological agents for treating
hypertension in that the antisense-generating agents
would have to be administered less frequently. In addi-
tion, the antisense RNA strategy would not be expected
to cause the pulmonary side effects caused by some
currently used drugs that act by interfering with the
renin-angiotensin system. For example, the angiotensin-
converting enzyme (ACE) inhibitors, which are very

Figure 3. Relative abundance of the individual calmodulin tran-
scripts in normal and malignant human breast cancer cells. The
human breast adenocarcinoma cell lines MCF7 and SkBr3 were
purchased from the American Type Culture Collection and were
cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, insulin (10 mg/ml) and an antibiotic-
antimycotic reagent. Total cellular RNA was isolated from the
cultured cells using the Trireagent method as described earlier
[30]. The total cellular RNA from normal human breast tissue was
obtained from Clonetech. To determine the expression of the
individual calmodulin transcripts, the RNA samples were sub-
jected to Northern blot performed with a 32P-labeled calmodulin
riboprobe according to a procedure described by Bai and Weiss
[84]. The results showed that there was a distinct pattern of
calmodulin transcripts expressed in the RNA from the breast
cancer cell lines, MCF7 and SkBr3, which was different from the
pattern of the calmodulin transcripts expressed in the RNA from
the normal human breast tissue (NBT). More specifically, the
breast cancer cells contained a calmodulin transcript of approxi-
mate size of 1.7 kb that was not present in the normal breast cells.
These results suggest that it may be possible to selectively block
the proliferation of the breast cancer cells, while sparing the
normal cells, by using antisense RNA targeted to the 1.7-kb
transcript from calmodulin gene I.
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effective at lowering high blood pressure in many pa-
tients, produce their antihypertensive action by block-
ing the active site of the angiotensin-converting enzyme
and, thus, the conversion of angiotensin I to an-
giotensin II. However, the ACE inhibitors also inhibit
the degradation of other peptides, such as bradykinin,
substance P and enkephalins, which may be responsible
for the cough and angioedema sometimes associated
with their use. One possible problem with an antisense
RNA approach, however, would be the need to develop
effective systemic routes of delivery of the antisense
RNA vectors. In this regard, initial studies have already
demonstrated a reduction in blood pressure for at least
5 weeks after a single intracardiac injection of an
adeno-associated virus expressing an angiotensin type 1
receptor antisense RNA into young spontaneously hy-
pertensive rats [97].
The possibility of using antisense RNA in order to
attenuate the actions of angiotensin and, thereby, to
reduce high blood pressure was determined in another
set of studies [98] in which an adenoviral vector was
used to deliver antisense RNA to target cells expressing
the angiotensin type 1 receptor (AT1-R), that is hypo-
thalamic brain stem neurons in culture and cultures of
vascular smooth muscle cells. The delivery of the AT1-
R antisense RNA vector into the cells resulted in the
synthesis of AT1-R antisense RNA in cells and a con-
comitant inhibition of the actions of angiotensin II
mediated by AT1-R. Thus, the decreased responsiveness
to angiotensin II of antisense-treated vascular smooth
muscle cells was evidenced by a significant decrease in
the incorporation of [3H]thymidine. Decreased respon-
siveness to angiotensin II of antisense-treated neurons
was evidenced by a decreased uptake of norepinephrine
in these neurons, which is ordinarily stimulated by
angiotensin II. These effects appeared to be specific
since they were not produced by the control adenoviral
vector. Thus, these studies further confirmed the possi-
bility of using antisense RNA to the angiotensin type 1
receptor in order to treat hypertension.
In another interesting study, antisense basic fibroblast
growth factor gene transfer was employed to reduce
neointimal thickening after arterial injury [99]. In this
study, the carotid artery of rats was first subjected to
injuries using a balloon catheter, and then the rats were
infected with an adenoviral vector-encoding antisense
RNA to basic fibroblast growth factor. The effective
reduction in neointimal thickening by the antisense
RNA suggested that this might be a feasible approach
to limiting the restenosis after angioplasty.

Neurology and psychiatry
A wide variety of antisense oligodeoxynucleotides have
been used successfully to block in vivo the expression of
functionally important proteins in the nervous system,

such as receptors for neurotransmitters and neuropep-
tides, some of which may be involved in the pathogene-
sis of certain neurologic or psychiatric disorders (re-
viewed in [21, 23, 100, 101]). These targets included
neurotransmitter receptors, for example the muscarinic
[102], D1 dopamine [103], D2 dopamine [104–108], D3
dopamine [25, 109, 110], D5 dopamine [111], N-methyl-
D-aspartate [112, 113] and serotonin [114] receptors;
peptide receptors, for example the angiotensin type 1
[115–118], cholecystokinin [119], neuropeptide Y [120],
substance P [121] and vasopressin [122] receptors; vari-
ous subtypes of opioid receptors [123–126]; steroid re-
ceptors, such as the estrogen [127] and progesterone
[128, 129] receptors, and many other nonreceptor
proteins and immediate early genes. (For a more de-
tailed review of the targets in neuronal cells which have
been inhibited using antisense oligodeoxynucleotides see
[21].) Any of these proteins could serve as potential
targets for antisense inhibition using vectors expressing
the appropriate antisense RNA. Our laboratory has
chosen such an approach to study the feasibility of
producing specific, long-term inhibition of the synthesis
of the different subtypes of the dopamine receptor
found in the central nervous system.

D2 dopamine receptor antisense RNA

Multiple subtypes of dopamine receptors. The dopamine
receptor family consists of two subgroups: one sub-
group contains the D1 and D5 subtype and the other
the D2, D4 and D5 subtypes. These five dopamine
receptor subtypes, which are widely but unequally dis-
tributed in the nervous system [130–132], are thought
to be involved in numerous and diverse disorders of the
central nervous system, including psychiatric disorders
such as schizophrenia [133–135], addiction to sub-
stances of abuse such as cocaine [136, 137] and alcohol
[138], diverse movement disorders such as Parkinson’s
disease [139, 140], Huntington’s chorea [140, 141] and
tardive dyskinesia [142, 143], and endocrine disorders
such as hyperprolactinemia [144, 145]. Accordingly, se-
lective long-term inhibition of the synthesis of one of
the dopamine receptor subtypes, particularly if the re-
duction of dopamine receptors can be localized to dis-
crete brain regions, offers the potential of providing a
novel and effective means of treating certain disorders
associated with dopaminergic hyperactivity.
We have chosen the D2 dopamine receptor subtype as a
model to target with antisense compounds for several
reasons. The ability of the currently used traditional
antipsychotic drugs to block the D2-like dopamine re-
ceptors has suggested that these receptors may be in-
volved in schizophrenia [135], and the upregulation of
these receptors produced by long-term treatment with
antipsychotic drugs often leads to the chronic debilitat-
ing disorder termed tardive dyskinesia [142]. There are
suitable in vivo models to study the D2 dopamine
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receptor, such as the 6-hydroxydopamine model of do-
paminergic supersensitivity, and well-characterized be-
haviors to assess the function of both the D2 and D1
dopamine receptors. There are also ready means of
assessing the levels of these receptor subtypes in tissue
using conventional radioligand techniques. Therefore,
we would be in a position to measure the specificity
with which the antisense RNA strategy exerts its effects
at the molecular, biochemical and behavioral levels.
Construction of D2 antisense RNA expression vec-
tors. Our laboratory has developed two plasmid vectors
expressing antisense RNA to the D2 dopamine recep-
tor, one for in vitro use and one for in vivo use [29, 32,
146]. The expression vector used for the in vivo studies
was plasmid pCR3 (Invitrogen), that is the same vector
used for cloning the calmodulin gene I antisense RNA,
which was described in the earlier section on calmodulin
antisense RNA and in figure 1. The expression vector
used for the in vitro studies was plasmid pCEP4 from
Invitrogen, which was similar to plasmid pCR3. Both of
these vectors contained a CMV promoter followed by
an identical cDNA sequence antisense to a portion of
the D2 dopamine receptor mRNA, and both of them
contained the genes conferring resistance to ampicillin
and geneticin. However, the vector used for the in vitro
studies was larger in size (10,722 bp) because it con-
tained additional elements for extrachromosomal repli-
cation and for resistance to hygromycin. These features
made this plasmid vector more suitable for the selection
of stable transfectants because the cells that we used in
our in vitro studies (see below) had already been ren-
dered resistant to geneticin. Unlike the D2 antisense
RNA vector used in the in vitro studies, the vector for
the in vivo studies was smaller (5422 bp), which would
presumably offer the advantage of more easily penetrat-
ing into the brain cells in vivo.
To construct the D2 antisense vector that was used in
vivo, PCR cloning was employed. A portion of the D2
dopamine receptor cDNA which spans the third intra-
cellular loop of the D2 dopamine receptor was am-
plified by PCR and then inserted in the antisense
orientation relative to the CMV promoter in pCR3.
This cDNA sequence, which gives rise to a 337-bp D2
dopamine receptor antisense RNA, was selected be-
cause it shares the least homology with the remaining
dopamine receptor subtypes [146]. To construct the D2
antisense vector for in vitro use, the D2 antisense se-
quence was excised from the vector used in the in vivo
studies, using appropriate restriction enzymes, and lig-
ated into plasmid vector pCEP4. Using these D2 anti-
sense vectors, we performed a series of in vitro studies,
in which we provided proof of the mechanism of anti-
sense action, and a series of in vivo studies, in which we
correlated biochemical, molecular biological and behav-
ioral effects of the D2 antisense vector. To enhance the

cellular uptake of the plasmid vectors, we used two
different cationic lipids, which were chosen based on
preliminary studies on their effectiveness and relative
lack of toxicity; that is lipofectin was used for the in
vitro studies, and 1,2-dioleoyl-3-trimethylammonium
propane (DOTAP) was used for the in vivo studies.
In vitro studies providing proof that the D2 antisense
vector acts through an antisense mechanism. Several
conditions should be met before one can conclude that
an antisense RNA expression vector is acting through a
true antisense mechanism. The most important of these
conditions is the demonstration that the antisense vec-
tor (i) enters the cells and persists for a sufficient period
of time to produce a biological effect; (ii) generates
antisense RNA inside the cells; (iii) reduces the level of
the target protein; (iv) produces appropriate and spe-
cific biological effects; and (v) shows a positive and, if
possible, a temporal correlation between the formation
of antisense RNA in cells and a reduction in the target
protein. Some of these points, such as the biochemical
and molecular correlates of the antisense RNA vectors,
are most readily demonstrated in cultured cells because
they express high levels of the targeted protein. Others,
such as the functional and temporal correlates of the
antisense RNA vectors, are best determined using an in
vivo system. Accordingly, in the studies reported below,
we will use as illustrations the particular systems that
most appropriately demonstrate each of the criteria
listed above. In initial studies aimed at proving the
antisense mechanism of action of the D2 antisense
vector described above, we used as an in vitro model
human embryonic kidney (HEK) cells that had been
stably transfected with the long isoform (D2L) of the
D2 dopamine receptor gene, termed HEK 293DL cells.
These cells were useful for determining and correlating
certain molecular and biochemical effects of the D2
antisense vector because they provide a relatively homo-
geneous population of cells which can be easily grown
to large quantities, because they can be readily trans-
fected and because they have been previously found to
stably express a high density of D2 dopamine receptors
[147].
Because there are as yet no general rules for choosing
the optimal site to target within a given transcript nor
the optimal length of the antisense RNA, these parame-
ters have to be established separately for each individ-
ual transcript. Accordingly, one aim of the in vitro
studies was to determine whether the chosen D2 anti-
sense RNA sequence could inhibit the expression of D2
dopamine receptors. Another aim was to determine
whether the D2 antisense vector acts by a true antisense
mechanism. In this section we will present studies
providing biochemical and molecular evidence support-
ing a true antisense effect of the D2 antisense RNA. In
later sections, we will describe in vivo studies which
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provided additional evidence that the D2 antisense vec-
tor was acting through a true antisense mechanism.
In these in vitro studies we showed, using reverse tran-
scriptase PCR (RT-PCR), that only the HEK 293DL

cells that were transfected with the D2 antisense vector
generated the predicted D2 antisense RNA; the original
HEK cells, the HEK cells transfected in the D2 do-
pamine receptor gene (HEK 293DL) and the HEK 293DL

cells transfected with the empty vector did not. Further,
we found that the D2 dopamine receptor mRNA was
reduced to undetectable levels in HEK 293DL cells sta-
bly transfected with the D2 antisense vector. In con-
trast, using RT-PCR, D2 dopamine receptor mRNA
was readily detected in the parental HEK 293DL cells
and in the HEK 293DL cells transfected with the empty
vector. The decrease in the D2 receptor mRNA in the
D2 antisense vector-transfected cells was not likely due
to nonspecific general effects of the transfection proce-
dures on transcription since we did not detect any
changes in the levels of the mRNA of the housekeeping
gene b-actin. Additional biochemical evidence in sup-
port of the specific antisense effect of the D2 antisense
vector in HEK 293DL cells was provided by data show-
ing a marked decrease in the levels of D2 dopamine
receptors. Thus, the density of D2 dopamine receptors
in the cells transfected with the D2 antisense vector was
significantly lower than the density of D2 dopamine
receptors in cells transfected with the empty vector, as
determined in a radioligand binding assay [32]. Taken
together, these data suggest that it was the generation of
D2 antisense RNA in HEK 293DL cells stably trans-
fected with the D2 antisense vector that caused the
reduction in the levels of D2 dopamine receptors.
Having shown that the chosen D2 antisense RNA se-
quence could inhibit the expression of D2 dopamine
receptors, and having provided proof of a true antisense
mechanism for this D2 antisense-generating vector in
vitro, we then turned our attention to the in vivo effects
of the D2 antisense vector.
Long-term presence of the D2 antisense RNA expression
vector in brain. Previous studies with D2 antisense
oligodeoxynucleotides showed that it is possible to se-
lectively inhibit D2 dopamine receptor-mediated re-
sponses after either intracerebroventricular [31] or
intrastriatal [106] injections of the oligodeoxynucleotide
into a discrete brain area, the corpus striatum. How-
ever, these effects were short lasting, and the inhibited
behaviors returned to normal after only 2 to 3 days.
Therefore, the antisense oligodeoxynucleotides had to
be repeatedly administered in order to have prolonged
reductions in dopaminergic functions. As a long dura-
tion of action may be one of the major advantages that
an antisense RNA technique might have over the use of
antisense oligodeoxynucleotides, studies were designed
to determine whether the D2 antisense RNA plasmid

vector would persist for a prolonged period of time in
brain after a single administration. Initially, we used
PCR techniques to determine for how long the D2
antisense plasmid vector persisted into the corpus stria-
tum of mice after a single administration. Then, we
evaluated the functional effects of the D2 antisense
vector by measuring certain D2 dopamine receptor-me-
diated behaviors. In these studies the D2 antisense
plasmid, complexed with DOTAP, was injected directly
into the corpora striata, and a series of biochemical and
behavioral studies was performed [32, 146, 148]. In one,
the mice were killed at various time points after the
injection, ranging from 5 min to 96 days, and the
presence of the D2 antisense plasmid was characterized
by solution-phase PCR with primers specific for the SP6
and T7 promoters, which flank the D2 antisense se-
quence in the vector polylinker (fig. 4). A PCR product,
corresponding to the size of the D2 antisense insert (489
bp), was found in the injected striatum at 5 min and at
3, 6, 12 and 24 days after the injection (fig. 4). This PCR
product was not detected in the injected striatum at 48
or 96 days after the injection or in the uninjected
striatum at any time point examined.
Long-term in vivo inhibition of D2 dopamine receptor-
mediated behaviors produced by the D2 antisense vec-
tor. We used two different model systems to determine
the effects of the D2 antisense vector in vivo. One
model employed mice with normal dopamine functions,
and the other model used mice which had supersensitive
dopaminergic activity. Supersensitive dopaminergic
function was induced by injecting mice into the corpus
striatum with the dopaminergic neurotoxin 6-hydroxy
dopamine. This treatment causes an increased level of
D2 dopamine receptors in the injected striatum [105,
149] and a specific turning behavior contralateral to the
6-hydroxydopamine lesion in mice given challenge injec-
tions with the D2 dopamine receptor agonist quinpirole
[150, 151]. The results showed that treatment of mice
with single injections of the D2 antisense vector into the
lesioned striatum blocked the rotational response to
challenge injections with quinpirole. Importantly, a sin-
gle injection of the D2 antisense vector produced a D2
dopamine receptor blockade that lasted about 1 month
[146, 148].
To determine the effects of the D2 antisense vector in
normal mice, two different behaviors were studied, both
of which are mediated by D2 dopamine receptors. One
was a cataleptic behavior and the other was a climbing
behavior produced in response to challenge injections
with the D2 dopamine receptor agonist apomorphine.
Both of these behaviors are manifested when the activ-
ity of D2 dopamine receptors in the corpora striata is
inhibited. In these studies, the D2 antisense vector was
injected bilaterally into the corpora striata, and these
two behaviors were measured at various time points
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Figure 4. Long-term presence of a D2 antisense RNA vector in mouse striatum after a single administration. Mice were administered
a single injection of a D2 antisense RNA plasmid vector (AS) complexed with DOTAP (25 mg of DNA and 10 mg of DOTAP) into one
corpus striatum. The control mice received DOTAP alone. At different times thereafter, DNA was extracted from the injected striata
using proteinase K/SDS treatment and was subjected to PCR amplification with T7 (5%-TAA TAC GAC TCA CTA TAG GG-3%) and
SP6 (5%-GAT TTA GGT GACACT ATA G-3%) primers, which bound to sites flanking the vector polylinker, as described earlier [146].
A D2 antisense plasmid vector purified from E. coli using Qiagen columns was used as a standard. The PCR product of this vector
served as the positive control [AS(STD)]. The PCR products were separated on a 2.5% agarose gel and visualized by staining with
ethidium bromide. The size of the bands corresponding to the PCR product from the D2 antisense vector (490 bp) was approximated
by comparison with the migration of the two DNA size markers (PhiX 174 digested with HaeIII from Promega (STD/Phi X ladder)
and a 100-bp DNA ladder from GIBCO (STD/100-bp ladder). The identity of each sample is indicated below the figure as follows: Not
Injected, striata from noninjected mice; AS (5 min), AS (3d), (6d), (12d), (24d), (48d) and (96d), striata from mice injected with the D2
antisense vector and killed at 5 min, and 3, 6, 12, 24, 48 and 96 days, respectively, after the injection; DOTAP (3d), (6d), (12d), (24d),
(48d) and (96d), striata from control mice injected with DOTAP and killed at 3, 6, 12, 24, 48 and 96 days after the injection; (-) DNA,
PCR reaction performed in the absence of the DNA template. The results showed that the D2 antisense vector was present in the
injected striatum for up to 24 days after a single administration. (Taken from [32].)

after the injection of the vector. The results showed that
single bilateral intrastriatal injections of the D2 anti-
sense vector induced catalepsy as early as 3 days after
the injection, and this behavior lasted for about 30 days
(fig. 5A) which corresponded to the length of time
during which the plasmid DNA was found to be present
in the striatum (see fig. 4). To determine whether it was
possible to extend the inhibitory effect of the D2 anti-
sense vector on D2 dopamine receptors, a second bilat-
eral intrastriatal injection of the vector was
administered at a time point when the initial effect of
the D2 antisense vector had disappeared. In this case
the second injection of the D2 antisense vector was
administered at 40 days after the first injection. Figure
5A shows that the second injection of the vector also
caused a significant cataleptic response, which was
statistically significant for an additional 30 days.

Similarly, treatment with the D2 antisense vector inhib-
ited apomorphine-induced climbing behavior. Again,
the inhibition of this D2-mediated response was seen as
early as 3 days after the injection and lasted for about
30 days. The second injection of the D2 antisense vec-
tor, given at a time when the behavioral response had
returned to normal, blocked apomorphine-induced
climbing for an additional month (fig. 5B). The specific-
ity of the observed effects of the D2 antisense vector
was ascertained by performing parallel studies with a
control, empty vector; the empty vector failed to pro-
duce any significant effects.
These results show that single injections of the D2
antisense vector block the functions of the D2 do-
pamine receptors for a far greater length of time than
did comparable injections of a D2 antisense
oligodeoxynucleotide and demonstrated further that
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prolonged reductions in dopaminergic activity can be
achieved with the D2 antisense vector without resulting

in behavioral tolerance to this treatment, a result which
may have important clinical consequences.
The D2 antisense RNA vector induces long-term inhibi-
tion of D2 receptor functions in vivo without inducing
dopaminergic supersensitivity. A general principle in bi-
ology, originally derived from early studies on the
adrenergic receptor-adenylate cyclase system of the
pineal gland [152–154] and subsequently confirmed in
many other receptor systems [155, 156], holds that the
density and function of neuroreceptors (and perhaps
other regulatory proteins) are inversely related to the
degree to which they have been activated. That is,
long-term inhibition of the activity of a receptor causes
a cascade of intracellular events leading to upregulation
of the inhibited protein. (The exact mechanism of this
receptor upregulation is unknown but may involve
changes in the levels of cyclic adenosine 3%,5%-
monophosphate (cyclic AMP) which, in turn, may alter
the transcription of genes that have cyclic AMP regula-
tory elements (CRE) located in their promoters, or may
involve other as yet unknown mechanisms [25, 157].
Such a process could lead to tolerance to the agent that
was used to inhibit the receptor and, in some cases, to
unexpected serious side reactions.
In the dopaminergic system, this phenomenon has been
used to explain not only the tolerance that may develop
to certain dopamine receptor antagonists but also the
abnormal motor activity often associated with their
long-term use. Long-term treatment with many antipsy-
chotic drugs, which produce their therapeutic actions by
inhibiting the activity of D2 dopamine receptors by
blocking the interactions of the neurotransmitter with
their target receptor, causes an increase in the density of
the very receptors they are designed to inhibit. One of
the consequences of this upregulation of D2 dopamine
receptors is an abnormal motor response termed tardive
dyskinesia. We reasoned that, by using an antisense
approach, the antisense agent would reduce the levels of
functional receptors by reducing their rate of synthesis.
By reducing the synthesis of receptors, perhaps the
receptors would not be able to upregulate.
To test this hypothesis, we employed as a positive
control a drug that has previously been shown to induce
dopaminergic hyperactivity both at the receptor level
(increased density of D2 dopamine receptors) and be-
havioral level (increased behavioral effects in response
to challenge injections with dopamine receptor ago-
nists). Such an agent is the widely used antipsychotic
drug haloperidol. The behavioral model used to test this
hypothesis is the climbing response induced in rodents
by the dopamine receptor agonist apomorphine. Pre-
treatment with haloperidol, by blocking the D2 do-
pamine receptors, ordinarily antagonizes the increased

Figure 5. Long-term effects of D2 antisense RNA vector on D2
dopamine receptor-mediated behaviors. The D2 antisense RNA
vector or empty vector (25 mg each), complexed with DOTAP (10
mg), was injected bilaterally into each corpus striatum of mice
(first arrowhead), and catalepsy (A) or climbing induced by
challenge injections of apomorphine (B) was determined at vari-
ous times thereafter. At 40 days after the initial injections of the
vector, a time at which catalepsy disappeared and the inhibition of
apomorphine-induced climbing recovered, the mice were given a
second bilateral intrastriatal injection of the D2 antisense vector
or empty vector complexed with DOTAP (second arrowhead).
Catalepsy and apomorphine-induced climbing were determined
thereafter at various times for an additional 40 days. Each point
represents the mean value obtained from 8–15 mice. Vertical
brackets indicate the SE. *PB0.05, **PB0.01, ***PB0.001
compared with values from mice treated with empty vector. The
graphs show that a single injection of the D2 antisense vector
induced a cataleptic response and inhibited the climbing response
induced by apomorphine. These behaviors, which result from an
inhibition of D2 dopamine receptors, lasted about 30 days. Simi-
larly, a second injection of the D2 antisense vector produced
effects (also lasting about 30 days) that are consistent with the
inhibition of D2 dopamine receptor-mediated behaviors. The on-
set and duration of the effects of the second injection of the D2
antisense vector were similar to those seen after the first injection
of the D2 antisense vector.
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climbing induced by dopamine receptor agonists. How-
ever, prolonged treatment with the dopamine receptor

antagonist haloperidol leads to an upregulation of the
D2 dopamine receptors and to an increase or supersen-
sitive response to challenge injections of apomor-
phine.
In these experiments haloperidol was administered to
mice for 21 consecutive days, during which time the
animals were given challenge injections with apomor-
phine, and climbing behavior was determined. The
haloperidol treatment was then withdrawn, and the
density of dopamine receptors in the corpus striatum
and the climbing behavior induced by apomorphine was
determined. As may be seen, haloperidol inhibited apo-
morphine-induced climbing during the period of
haloperidol treatment. However, 3 days after with-
drawal from haloperidol treatment, the mice evidenced
an even greater climbing response to apomorphine than
they did before any haloperidol was administered (fig.
6A). This increased dopaminergic behavior was associ-
ated with an increased density of D2 dopamine recep-
tors in the corpus striatum [148].
Having established a model of biochemical and behav-
ioral dopaminergic supersensitivity, similar studies were
performed using the D2 antisense RNA vector. Single
bilateral intrastriatal injections of the D2 antisense vec-
tor were administered to mice. The animals were then
challenged periodically with apomorphine, and climb-
ing behavior was determined. The results showed that
single, bilateral intrastriatal injections of the D2 anti-
sense vector in mice inhibited apomorphine-induced
climbing for about 30 days (fig. 6B). The specificity of
the observed effects of the D2 antisense vector was
ascertained by performing parallel studies with a con-
trol empty vector; this vector failed to produce any
significant behavioral effects by itself and failed to alter
the response to challenge injections with dopamine re-
ceptor agonists. The long-term inhibition of the func-
tion of dopamine receptors was comparable to that
induced by a classical neuroleptic drug, haloperidol (fig.
6A). More important, as the effect of the D2 antisense
vector disappeared with time, the climbing response
returned to the initial level scored before the injection of
the D2 antisense vector. That is, in contrast to that seen
after withdrawal from chronic haloperidol treatment
(fig. 6A), no increase in apomorphine-induced climbing
behavior was ever seen in mice treated with the D2
antisense vector. Moreover, also unlike haloperidol,
treatment with the D2 antisense vector did not result in
an upregulation in the density of D2 dopamine recep-
tors [148]. These findings suggested that prolonged inhi-
bition of D2 dopamine receptor-mediated behaviors
with a D2 antisense vector fails to produce subsequent
upregulation of D2 dopamine receptors and does not
cause a supersensitive response to the injection of do-
pamine agonists.
Taken together, these studies suggested that it is possi-
ble to produce long-term inhibition of D2 dopamine

Figure 6. D2 antisense RNA vector, like haloperidol, produces
long-term inhibition of apomorphine-induced climbing, but unlike
haloperidol, fails to induce a supersensitive dopaminergic re-
sponse. (A) Mice were administered haloperidol (0.6 mmol/kg,
intraperitoneally) or vehicle once daily for 21 days. The animals
were challenged with apomorphine (16 mmol/kg, subcutaneously)
at 3, 6, 12, 18 and 21 days during haloperidol treatment, and at 1,
2, 4, 8 and 16 days after withdrawal from haloperidol treatment,
following which apomorphine-induced climbing behavior was
measured. (B) The D2 antisense RNA vector or empty vector (25
mg each) was injected once, bilaterally into each corpus striatum
of mice. At various times thereafter, the animals were challenged
with apomorphine (16 mmol/kg, subcutaneously), and climbing
behavior was determined. Each point represents the mean value
from five mice. Vertical brackets indicate the SE. *PB0.05,
**PB0.01, ***PB0.001 compared with values from mice treated
with vehicle or with empty vector. These results show that after
withdrawal from chronic treatment with haloperidol there is a
supersensitive dopaminergic response (A). In contrast, single in-
trastriatal injections of a D2 antisense RNA expression vector
produces long-term inhibition of D2 dopamine receptor-mediated
behavior without causing a supersensitive dopaminergic response
(B). (Taken from [148].)
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receptor functions in vivo by injecting a D2 antisense
RNA expression plasmid vector into a discrete brain
area. They demonstrated further that this type of treat-
ment may have certain advantages over traditional neu-
roleptic agents, such as haloperidol, as it would have to
be administered less frequently and it would not cause
compensatory supersensitive dopaminergic responses.
Effects of antisense RNA vectors targeted to other regu-
latory proteins. Other studies using vectors expressing
antisense RNA in vivo which might be used as potential
therapeutic agents for neuropsychiatric disorders in-
clude one in which a plasmid vector expressing anti-

sense RNA to the neuropeptide cholecystokinin
octapeptide was injected into the lateral cerebroventri-
cles of rats. The cholecystokinin octapeptide was chosen
as a target because it was found that rats that have a
relatively small response to the analgesic effects of elec-
troacupuncture have significantly higher levels of chole-
cystokinin octapeptide than do the high responder rats.
The results showed that the administration of this
cholecystokinin octapeptide antisense RNA vector was
effective in converting the low responder rats into those
having a high response to electroacupuncture analgesia
and morphine analgesia. These effects began 4 days
after the intraventricular injection and lasted for about
1 week. This treatment also delayed the tolerance elic-
ited by prolonged electroacupuncture stimulation or
repeated morphine administration [158].
In another study, an antisense to the GABAA receptor
produced by an adeno-associated viral vector was mi-
croinjected into the inferior colliculus of rats [159]. This
study showed that inhibiting the synthesis of the
GABAA receptor in this brain region using antisense
RNA reduced seizure activation in the inferior col-
liculus. This approach to reduce the expression of
GABAA receptors in certain brain regions and, as a
consequence, to reduce their functions, may be applied
to the treatment of certain forms of epilepsy.
Outstanding problems and questions. Although progress
has been made in the use of antisense RNA in vivo,
many problems remain to be solved in order to fully
realize the potential of antisense RNA as a clinically
useful drug type. Some of these problems are associated
with enhancing their uptake and delivery to target tis-
sues, inducing cell-specific and timed expression of the
antisense RNA-generating vector and, in cases where
the antisense RNA compounds are intended to target
transcripts in brain, developing efficient methods to
bypass the blood-brain barrier. These problems are
likely to be solved using information gleaned not only
from studies using vectors expressing antisense RNA
but also from gene therapy studies using vectors ex-
pressing sense sequences. Other problems are related to
understanding in greater detail the mechanisms and the
consequences of gene inhibition using antisense RNA.
For example, if one targets and blocks the expression of
the transcript encoding a given protein, what will be the
effect on the transcripts of other proteins? It is also
necessary to study in greater detail the pharmacokinet-
ics and possible toxicity of vectors when injected into
animals. Finally, the long-term consequences of inject-
ing these DNA-containing antisense RNA expression
vectors when used in vivo for therapeutic purposes
remain to be determined.
These problems notwithstanding, the major goal is to
develop a vector carrying an antisense RNA gene which
will not only be selectively expressed in a specific target

Figure 7. Schematic representation of an antisense RNA-generat-
ing vector with tissue-specific and inducible expression of an
antisense RNA. The hypothesized antisense RNA-generating vec-
tor consists of the following elements: a gene coding for the
antisense RNA (AS RNA Gene) and a gene coding for a tran-
scription factor (TF1 Gene), which is necessary for the transcrip-
tion of the antisense RNA gene. The antisense RNA gene is
placed downstream from a promoter (AS Promoter). This pro-
moter, in turn, is activated by two transcription factors (TF1and
TF2) that bind to specific DNA sequences (Regulatory Sequences)
placed downstream from the AS promoter. One of these transcrip-
tion factors (TF1) is formed as a result of the activation of an
inducible gene (TF1 Gene), which has been inserted along with its
promoter (TF1 Promoter) into the same plasmid, and which is
induced by an exogenously administered inducer (Exogenous In-
ducer). The second transcription factor (TF2) is endogenous and
must be present only in the targeted cells that contain the targeted
mRNA (i.e. it must be cell-specific). Thus, by placing the gene
encoding the antisense RNA under the control of a promoter
engineered so that it absolutely requires the simultaneous activity
of two such different transcription factors, it may be possible to
control the expression of the antisense RNA in a specific tissue at
any chosen time.



B. Weiss, G. Davidkova and L.-W. Zhou Antisense RNA gene therapy354

tissue but which will be induced to express its antisense
RNA for a controlled duration. Such a vector is de-
picted in figure 7, which describes a hypothetical anti-
sense RNA-generating plasmid vector with tissue-
specific and time-controlled expression of antisense
RNA. This scheme, which is described in detail in the
legend to figure 7, envisions the sequential activation of
different promoter elements, and thereby the expression
of different genes, all of which are incorporated into the
same vector. This process ultimately results in the pro-
duction of a specific antisense RNA in specific cell types
at a specified time. It requires that the targeted cell must
contain a tissue-specific transcription factor and that
the promoter for the antisense RNA-generating gene
must require two different transcription factors: a tis-
sue-specific endogenous transcription factor and one
formed as a result of the administration of an exoge-
nous inducer, such as one recently described for tetracy-
cline-responsive promoters [160, 161]. At present there
are intense studies searching for suitable promoters for
controlled expression, and therefore this model may be
modified as new promoters are cloned. An important
issue in the choice of such promoters will be the lack of
toxicity of the exogenous transcription factor when
administered at amounts that induce sufficiently high
levels of transcription.
Although numerous questions remain to be solved,
achieving the goal of tissue-specific, timed expression of
selective antisense RNAs targeted to specific proteins
may lead to a new era of molecular pharmaco-
therapeutics.
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