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Antisense molecular biology
R. H. DATAR, C. S. ISHWAD, B. R. DATAR, A. N. BISHEY

INTRODUCTION
We have come a long way since 1967 when Khorana
announced his intention to synthesize a gene chemically
and then proceeded to do so with an army of co-workers.
Today, rapidly accumulating information about gene
sequences in computerized data banks and the availability
of new machines that permit automation of once tedious
tasks of synthesizing and sequencing genes have led to an
explosion of research efforts in yet another aspect of
molecular biology-the use of antisense nucleic acid
molecules. Antisense molecular biology is a recent
advance which promises to be a tool for both basic
research and therapy.

The present review aims at compiling the available
information about the antisense nucleic acids including
their design and synthesis, delivery into target cells and
applicability in both basic research and therapy.

WHAT IS AN ANTISENSE NUCLEIC ACID
To understand this, let us briefly recapitulate how an
mRNA is transcribed. It is known that genomic DNA
consists of two strands-a coding (antisense) strand and a
non-coding (sense) strand. During transcription, the two
strands separate from each other in the region down-
stream of a promoter sequence. The coding or antisense
DNA strand is used as a template by the RNA polymerase
molecule to synthesize an mRNA molecule having a
sequence complementary to the antisense DNA strand.
This 'sense' mRNA eventually migrates to ribosomes
where it is transcribed to synthesize the respective
protein.

What happens to the 'sense' (non-coding) DNA strand?
Does it naturally transcribe into an 'antisense' mRNA?
Would the naturally formed or artificially synthesized
'antisense' mRNA be able to neutralize the sense mRNA?
Such a transcription of 'sense' DNA does occur naturally
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in at least a few specific cases, as has been documented
below, while in some others synthetic antisense molecules
have been shown to inhibit specific gene expression. The
existence of natural antisense RNAs was first suggested
by Spiegelman et af. in 19721 and a decade later, the
existence of such a molecule was reported."

Unlike gene therapy, which involves installing acorrec-
tive gene in defective cells of an organism, the 'antisense
approach' is based on using mRNA as the primary target.
Either another mRNA molecule or a synthetic oligo-
deoxynucleotide with the base sequence complementary
to the target mRNA forms a stable duplex by hydrogen
bonded base pairing. Such a hybridization can be
expected to prevent expression of the protein product of
the target mRNA. This process is called 'translation
arrest'. Since the mRNA sequence expressed by a gene is
called the 'sense sequence', the complementary blocking
sequence is called the 'antisense sequence' or the 'anti-
messenger'. Such an mRNA inhibition would be preferred
to, and more efficient than, inhibiting a functional protein
because a single mRNA molecule translates into multiple
protein copies.

Inhibiting the expression of a gene product vital for
normal cellular function can achieve the desired goal of
chemotherapy-solective cell death. Besides, the precise
functional role of any gene product can be analysed by
specifically blocking the expression of that gene via the
antisense approach. The exact mechanism by which the
antisense molecule regulates gene expression is very
complex and has been studied in detail in the prokaryotic
system."

UNDERSTANDING ANTISENSE NUCLEIC ACIDS
The development of the synthetic antisense oligo-
nucleotides (oligos) as therapeutic compounds has been
preceded by observations of naturally occurring antisense
mRNA in different living systems.

Tomizawa and Itoh in 1982dicovered the first antisense
RNA in the replication of the ColE1 plasmid? In 1983,
Mizuno et al." demonstrated the presence of antisense
RNA in E.' coli. They showed that the mRNA for the
outer membrane porin F (Omp F) was severely inhibited
by its binding with a small RNA-mic RNA-derived by
an antisense transcription of the region upstream to the
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Omp C gene. This was later proved by sequence analysis. 5

In 1983, Aiba'' showed that the E. coli cyclic AMP
receptor protein (CRP) mRNA is blocked by an antisense
RNA. Simons and Kleckner," in the same year, showed
the presence of an antisense RNA for the mRNA of the
enzyme transposase. Similarly, antisense RNA was
subsequently demonstrated in 1985 in bacteriophages A8

and p22. 9 Croen et al. 10 discovered the presence of an
antisense ICPO transcript in the Herpes simplex virus in
human ganglia. In 1989, Khochbin and Lawrence I I showed
that antisense RNA was involved in p53 mRNA matura-
tion in murine erythroleukaemic cells.

Naturally existing antisense RNAs have been observed
in plasmids and bacteriophages to plants and mammals.
In addition to its function as a translation inhibitor
molecule for the expression of a particular mRNA, the
antisense RNA may possibly be acting as a 'captor' for
sequestering the mRNA till the latter is released by some
'releaser'. A temporally and spatially controlled release
of a particular mRNA may thus be effected. On the other
hand, during the course of evolution the 'sense' may have
been employed effectively to code for antisense RNA and
thus bring about gene regulation.

In 1978, Zamecnik and Stephenson'? suggested that
an antisense nucleic acid can act as a specific inhibitor of
gene expression after their experiments on inhibition
of Rous sarcoma virus (RSV) production with an oligo
complementary to a terminal repeat of RSV. However,
the question of whether RSV inhibition occurred by
'translation arrest' was left unanswered.

Coleman et al. succeeded in copying the mic F mRNA
inserted in reverse orientation between a strong promoter
and a terminator and this resulted in the production of the
first 'antisense gene' in 1984.13 In the same year, Izant and
Weintraub!' developed antisense RNAs for chicken and
viral TK genes in expression vectors. It was seen that
chicken antisense RNA could specifically prevent expres-
sion of chicken TK mRNA, while the viral antisense TK
RNA was specific for the inhibition of viral TK mRNA.
This was due to differences in the sequences of viral and
chicken TK mRNAs. In 1985, Melton.P and Harland and
Weintraub 16showed that when synthetic antisense RN A
for actin mRNA was microinjected into Xenopus oocytes,
it inhibited the formation of actin.

In 1989 Miroshnichenko et al.t" succeeded in making
antisense oligos for Ela gene of virus type 5, and in 1990
Caceres and Kosik!" synthesized antisense tau oligo for
neurite polarity inhibition. The study of antisense
gathered momentum in 1989 and numerous experiments
resulted in the accumulation of a large amount of valuable
information about the synthesis of oligos and their use in
inhibiting expression of viruses such as HIV. 19-24

During the first quarter of 1991 numerous reports of
the use of antisense constructs appeared. The antisense
oligodeoxynucleotide to troponin C (TnC) was shown-"
to reduce the synthesis of TnC polypeptides in the
differentiating chicken myotubes. In another experiment,
antisense oligos to prothymosin were shown to inhibit
myeloma cell division.i" indicating that prothymosin
is required for this process. More recently, experiments
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aimed at conferring specific resistance on to target cells
were successfully carried out-a virus-resistant alfalfa
(Medicagosativa L) plant was developed.F a bacteriophage
resistant strain of Lactococcus lactis was obtained= and
resistance to the Potato Leafroll virus (PLR V) was
conferred onto Russet Burbank potato plants.t?

CHARACTERISTICS OF AN IDEAL ANTISENSE
AGENT
An antisense agent can either be an antisense mRNA
or an antisense oligo. Stein and Cohen-" have defined
three basic requirements for antisense agents to be used
as modulators of gene expression.

Selectivity
The nucleotide sequence of the antisense agent must
specifically bind with the target sequence as a first order
reaction. Statistically, a sequence of only 17 nucleotides
should provide sufficient information to define a unique
target sequence in the human genome.

Stability
The antisense agent must be sufficiently resistant to
degradation by nucleases. This will enable the agent to
reach the target sequence in effective concentrations.

Solubility
An antisense agent must be soluble in water so as to
disperse properly in the aqueous environments of both
cell culture media and the cytoplasm of the cell. But it
must also have a lipophilic nature in order to pass through
the hydrophobic cell membrane. However, a molecule
which is excessively lipophilic will have reduced aqueous
solubility and will tend to anchor to the membrane.

ANTISENSE OLIGONUCLEOTIDES
With their obvious advantages of selectivity and stability,
the antisense oligos are preferred to mRNAs as antisense
agents. Among the oligos, the methods for synthesis
of oligodeoxyribonucleotides are better standardized
than those foroligoribonucleotides. Oligos containing
naturally occurring ~-configuration deoxyribonucleotides
are hydrophilic poly anions and hence can be impeded in
membrane transportability." Therefore, they are
synthesized using modified components. The common
techniques of synthesis are the phosphate diester,
phosphate triester, phosphotriester and phosphite
triester. The most preferred method, at present, uses
modified solid phase phosphite triester chemistry. The
detailed process has been discussed by Carruthers.F and
Atkinson and Smith.P Using the automated synthesizer,
highly purified oligos of any base sequence can now be
readily synthesized in milligram quantities.

Analogues
Two types of phosphate-modified nuclease-resistant
oligos show particular promise. Phosphorothioate
linkages can be made by substituting the oxidation step
by a sulphurization step using elemental sulphur, while
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the methyl phosphate linkages are introduced by using
3' -O-methylphosphoramidite deoxynucleosides. A wide
variety of molecules such as the fluorescent intercalating
groupS,34-38ethylenediaminetetraacetic acid (EDTA),39
alkylating agents.v-" enzymes," photoactive substances.v
azido proflavins+' and porphyrin" can be attached to
synthetic oligos via specific functional groups incorporated
during the synthesis. The common sites for attachment of
the functional groups are at the 5' and 3' ends and the
exocyclic amino group of cytosine.

Design
Computer modelling and thermodynamics are now being
employed in the design of increasingly potent and stable
oligos. It is possible to predict" the melting temperature
of the oligo-duplexes to within 5°C. The natural phos-
phodiester backbone oligos (O-oligos) have initially been
used for short term specific translational inhibition
studies. However, these oligos are very labile'? and must
be used in heat-inactivated media to minimize nuclease
degradation. As a charged molecule, the O-oligo is
impeded in its passage through the hydrophobic cell
membrane. Alpha anomers of oligos have been found to
be virtually impervious to nuclease attack compared to
their natural ~-configuration counterparts, but their
aqueous solubility and passage through the membrane is
not known to be better. 2'-0-methyl substitutions of
ribonucleotides have also been reported to be more stable
than the unmodified oligos.f

Methyl phosphonates are modified oligos with the
methyl group substituting the 0- atom in the phospho-
diester bond. They have no ionizable group and are
uncharged making them nuclease-resistant. However, the
absolute lack of charge in the backbone leads to low
solubility in the aqueous medium as the molecule
becomes highly lipophilic and may be entrapped in the
intracellular membranes. This necessitates its use in high
concentrations for maximal activity. 30

A compromise between these two extremes of charged
and uncharged molecules is the phosphorothioate oligo
which has a sulphur group substituting for the 0- atom in
the phosphodiester bond. These have a reduced charge
and reportedly satisfy all three requirements-solubility,
stability and specificity. 48-50However, even these oligos
do undergo a slow cleavage. Hence, yet another modifica-
tion, now in the sugar ring, has been introduced" by
replacing the nuclear oxygen atom with a carbon atom
leaving the bases in a ~-configuration. These carbo-
oligos are five times more resistant to cleavage than the
«-anomers. Sugar-modified oligos have been discussed in
detail by Imbach et al. 52

Uptake
Yakubov et al. 53have shown that the uptake of oligo-
derivatives in mammalian cells is achieved by endocytosis.
It is considerably more efficient at a low concentration of
oligomers, probably owing to more efficient absorptive
endocytosis of the oligomers that form an important
portion of the total pool. Another important aspect
reported by them is that specific receptor proteins are
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involved in the binding of oligos to mammalian cells.
Loke et al. 54showed that the phosphate moiety is essential
for the uptake of an oligo. They found that an 80 kD
protein in the membrane has an affinity for the oligo
and that the endocytic process is temperature dependent
and saturable.

Delivery
Thierry et al. 55have recently used liposome encapsulated
oligos to study their transport across the membrane. They
made vesicles from a mixture of cardiolipin and phospha-
tidy \choline cholesterol, and 32P-labelled 14-mer oligos
were encapsulated in such vesicles. These oligos were
stable for 1 week at 4 °C and 84% of them resisted
DNAase I digestion. This carrier system can be effectively
utilized for enhanced cellular transport of the antisense
oligos. Loke et al. 56observed inhibition of cell growth and
DNA synthesis when they used liposome fusion to deliver
an antisense c-myc phosphorothioate oligo into haemato-
poietic cells in culture.

Another possible mode of transport is internalization
of the antisense oligos via the Iigands to which they are
covalently attached. The target cells carrying receptors
for such ligands may internalize the latter along with the
antisense oligos. This mode may add an aspect of cellular
specificity to the uptake of oligos.

ANTISENSE OLIGOS IN BASIC RESEARCH
A variety of fields in basic research are using the antisense
approach for elucidation of their respective 'grey areas'.
A few are discussed below.

Gene regulation studies
Promoters used in the antisense direction have been
shown to be useful in reducing basal expression of toxic
target genes. A promoter of E. coli in an antisense
direction has been shown-? to stabilize toxic target
plasmids. Studier et al. 57observed that the level of expres-
sion achieved on induction of the 17 RNA polymerase
depends both on the strength of the antisense promoter
and on the particular gene that is being expressed. They
showed that the yield of target proteins can be increased
by adding rifampicin to shut off synthesis of antisense
RNA after 17 RNA polymerase has been induced.
Interestingly, the antisense promoter permitted cloning
and expression of previously unclonable genes. This is
possibly due to antagonizing or neutralizing of the effects
of promoters of E. coli RNA polymerase in the target
DNA fragment.

The most sought after application of antisense oligos is
their use to switch off specific gene function by either
'transcriptional block' or 'translational arrest'. The
former is achieved by targeting the sequence-specific
oligos on to the complementary genomic DNA region
where the oligo forms a triple helix, thus sterically making
that stretch of genome inaccessible for transcription. 58
The DNA strands bind by 'Hoogstein pairing' where two
strands are parallel and the third one is antiparallel. The
more common 'translational arrest' approach aims at
blocking the target RNA transcript. It has been shown to
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be variously effective using different modified oligos in a
variety of cell lines. Thus, for example, the expression of
the multidrug resistance gene MDR-l has been success-
fully blocked in either K562/III EL cells using methyl
phosphonate'? or MCF-7 cells using phosphorothioates. 60

Antisense oligos have been used as probes to detect c-myc
RNA by in situ hybridization in Xenopus embryonic
development. 61

Oligos covalently linked to intercalating agents
such as acridine or photoactivable substances (e.g.
proflavin) have been used to study antisense inhibition.
The proflavin-linked oligos are used to hybridize with
the target sequence and piperidine treatment of these
duplexes in visible light to induce strand breaks." These
results suggest possibilities for site directed mutagenesis
and development of photoactive antisense oligos.

It may well be feasible to study the exact role of
suppressor genes in normal cells by employing the
antisense oligos for specific inhibition of the suppressor
gene. It has already been shown in nude mice 62.63 that the
cDNA for Rb transfected into Rb-negative retinoblastoma
and osteosarcoma cell lines results in loss of tumorigenic
potential. The treated cell lines also show change in
morphology and colony forming ability. However, the
tumour derived cells used in this study may have one or
more genetic transforming events besides inactivation of
the Rb gene, so normal cells should be used as recipients
in order to study the precise physiological function of Rb
(without interference from other transforming events).

Oncogenesis
The occurrence of cancer has often been attributed to
the loss of growth control which is basically because of
deregulated gene transcription. With the extensive
amount of data available on oncogenes, the latter have
become the obvious target for the use of antisense oligos.
Thus, using modified or unmodified antisense oligos, the
roles of various oncogenes such as c-myc, N-myc,
c-myb , e-ra] 1, c-abl, BCL-2 and K-ras have been
analysed in different cell lines.

Much data has implicated the c-myc proto-oncogene
in the control of the cell cycle and cell differentiation.
Oligos antisense to c-myc were shown to reverse the block
in differentiation of preadipocytes.v' while c-myc
antisense transcripts accelerated differentiation and
inhibited G 1 progression in erythroleukaernia= and
peripheral blood cells.66 Using antisense c-myc oligos, the
expression of c-myc was shown'? to be essential for c-sis
transformation of NIH 3T3 fibroblasts. There has been
conflicting evidence68.69 on the role of c-myc in the
differentiation of the F9 terato-carcinoma cell line. NIH
3T3 cells showed delay in progression through the cell
cycle after treatment with antisense c-myc oligos. 70 N-myc
antisense inhibition in neuroblastoma cell lines CHP 134
showed a loss of N-myc protein expression." However,
the neuroepithelioma cell line CHP 100, which normally
overexpresses c-myc, showed no decrease in c-myc
protein yet displayed growth inhibition when treated with
an antisense N-myc oligo."

The antisense oligo to c-myb has been shown 73 to
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inhibit proliferation of human myeloid leukaemia cell
lines HL-60, ML-3, KG-l and KG-la. Normal human
haematopoiesis is inhibited" by antisense c-myb oligos.
Antisense inhibition of c-myb also blocks the progression
of erythroid progenitors into the S phase." Lineage-
specific requirement of c-abl function in normal
haematopoiesis has been proven using antisense c-abl
oligos.?" The antisense oligo for BCL-2 used?" in the
human leukaemia cell line 697 resulted in inhibition of
cell growth and survival. Expression of the antisense
K-ras message in a human lung cancer cell line bearing
spontaneously activated K-ras resulted in an altered
transformed phenotype. 78 Transfection and expression
of antisense e-ra] 1 cDNA showed?" a modulation of
tumorigenic and radiation-resistant phenotype of squamous
cell carcinoma.

All these observations indicate specific inhibition of
the transforming potential of oncogenes. Further investi-
gation of the specific roles of the known oncogenes will
enable us to understand the mechanism of oncogenesis
better.

Infectious diseases
The potential use of antisense oligos as antiviral agents
was first described in 1978. The efficacy of this approach
in vitro was subsequently demonstrated in the inhibition
of HIV-1 replication=+' and expression ,80 HSV-2
growth'" and in the modulation of responsiveness to
various steroid hormones by the MMTV promoter. 82

Recently, Duddling et al.83 induced 'suicidal' ribo-
nucleolytic cleavage in the HIV-l genome, whilst Birg
et al. demonstrated inhibition of the cytopathic effects of
SV-40 on CV-1 cells.f" Antisense oligos have been shown
to be effective in controlling trypanosome infections38.85

in vitro by inhibiting protein synthesis.

CLINICAL APPLICATIONS
The use of antisense oligos in cancer chemotherapy is
the most obvious application of this new technology. It
has been hypothesized=-" that inhibiting the expression
of the appropriate activated oncogenes might revert
malignant cells to a more normal phenotype by progres-
sion towards terminal differentiation. Recently,
McMannaway et al.88 inhibited the function of c-myc RNA
in a Burkitt lymphoma derived cell line using a 21-mer
oligo. This resulted in inhibition of both c-myc protein
synthesis and cell proliferation.

Two immediate questions arise: how many similar
targets exist in the cancer spectrum and can the
technology be applied in vivo? Antisense oligos can
only be used as therapeutic agents after two difficulties:
conceptual and technical have been removed.

Conceptually, the use of antisense oligos presupposes
the accessibility of the target sequence which may not
always be possible in vivo. Another aspect to be considered
is the multiplicity of gene action. If the target gene
performs as yet unknown functions, then inhibition of
such a gene could cause functional arrest in an entirely
unexpected quarter of the cell. On the other hand, the
function sought to be inhibited by blocking the target gene
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expression may also be performed by one or more of the
other genes.s? In such a case, merely blocking the expres-
sion of one gene may be insufficient. These problems call
for a more detailed understanding of cellular and gene
functions. Fortunately, such information is rapidly being
collected.

Technically, the antisense approach has problems of
specific delivery and stability of the oligos within the
target cell. The newer and better modifications in the
chemistry of oligo synthesis seem to be capable of tackling
both problems successfully. Recently, a method has been
described'" for tissue-delivery of DNA via microprojectiles
into the living animal. Such refinements could solve the
problem of specific access to the target tissue of the
antisense molecules in vivo.

It must be pointed out here that the field is still in its
infancy and most of the experiments performed have been
in vitro. A few recent observations on in vivo applications
of antisense oligos have begun to trickle in27.29 which
could be useful in agriculture. However, the application
of antisense oligos in clinical situations is yet to be proven.
An interesting experiment by Bacon and Wickstrom."!
in which they observed induction of granulocytic
differentiation in HL-60 cells after daily addition of
anti-c-myc oligomers, may pave the way towards future
clinical applicability provided the question of tissue
specific delivery is successfully addressed. Thus, the field
of antisense molecular biology may eventually prove to be
an important and realistic tool in man's quest for a deeper
understanding of biological phenomena.

SUMMARY
The ability to switch off specific genes without hampering
or interfering with the function of any other gene holds
considerable promise. The broad appeal of the antisense
concept is mainly due to its unique characteristic-
specificity. Biochemists, cell biologists, chemists,
chemotherapists and research-oriented physicians will all
need to investigate the basic mechanism of action of
antisense analogues in their respective fields of interest.

The precise function of any gene product can be
elucidated by blocking the expression of that gene. Some
potential applications are already being examined in
developmental biology, virology, molecular biology,
oncology and infectious diseases. It should be possible to
extend this approach to tackle in vivo infections due
to parasites such as Plasmodium, Anthrax, Shigella,
Rubella and Salmonella. Even genetic disease such as
mucopolysaccharidosis and lipidosis could be possible
targets for antisense therapy. The phenomenon of
development of drug resistance by cancer cells may also
be tackled using the antisense approach.

Although most of the work in this area is being done in
universities, large pharmaceutical and biotechnology
companies have begun to take notice. The tide of
enthusiasm today for the development of DNA analogues
in therapeutics is as overwhelmingly great as it was
for the monoclonal antibodies ten years ago. While the
therapeutic applicability of monoclonal antibodies is still
fraught with controversy, the antisense approach aims at
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blocking the protein expression itself rather than blocking
the expressed protein. Thus, this approach may be more
effective. Experiments conducted so far indicate that
the logic behind the proposed applicability of antisense
nucleic acids is probably correct. Considering the speed
at which advances are being made in molecular biology
and biotechnology the coming years are likely to see
antisense nucleic acid therapy take its place as an important
and realistic approach towards tackling some of the major
human diseases.
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