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ABSTRACT. Recent progress in understanding how gene products interact in the control of cell proliferation
has engendered high hopes for the rational design of specific therapeutic strategies. The demonstration that
certain RNA and DNA nucleic acids can enzymatically cleave mRNAs has offered the possibility of inactivating
abnormal gene expression. In principle, this technology is applicable to any disease where a specific gene product
can be linked to the initiation and/or perpetuation of the disease. Here, a brief description of the technology that
can be useful for the design of therapeutic DNA and RNA agents capable of inducing apoptosis in cancer cells
is presented. Furthermore, such agents can be a valuable tool for probing gene function. BIOCHEM PHARMACOL
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Inhibition of gene expression is an important experimental
method to dissect the function of genes and could have a
great impact upon the treatment of diseases in which gene
products are involved. The identification of short ribo-
nucleotides with endoribonuclease activity has provided
researchers with potentially important tools to block the
expression of specific genes in cells [1]. The trans-acting
hammerhead ribozyme, which has been developed by Ha-
seloff and Gerlach [2], is the smallest and perhaps the
simplest RNA enzyme with endoribonuclease activity. This
ribozyme consists of three helical stems including nine
conserved nucleotides that are responsible for the forma-
tion of the catalytic domain as illustrated in Fig. 1A. The
target site for the ribozyme can have any sequence as long
as it contains UH, where H can be any nucleotide except
G. Cleavage specificity of the ribozyme is determined by its
hybridizing arms, which anneal with the target mRNA in a
complementary fashion. Following binding, the ribozyme
cleaves its mRNA target. After dissociation, the ribozyme is
capable of cleaving more mRNA molecules, thus fulfilling
the definition of an enzyme (Fig. 1B). In addition to RNA
enzymes, in vitro selection experiments have recently been
used to select a DNA enzyme capable of cleaving any target
RNA at a phosphodiester bond located between an un-
paired purine and paired pyrimidine (Fig. 2). The mecha-
nism of cleavage of the DNA enzymes is similar to the
RNA enzymes [3]. We have been interested in developing
RNA and DNA enzymes that can be used to study gene
function and treat diseases in which gene products are
involved. RNA enzymes can be delivered to the cells either

endogenously as gene-encoding ribozymes [4, 5] or exog-
enously as preformed ribozymes [6].

Notably, growth factors and cytokines bind specific
plasma membrane receptors and activate a complex net-
work of intracellular kinase cascades. Disturbance of such
signaling pathways can cause diseases. One of the most
important pathways that accounts for the pathology of
many diseases is apoptosis [7]. Apoptosis corresponds to a
series of changes that cells undergo during programmed or
physiological cell death [8]. Failure of cell death can be a
major mechanism by which tumours progress to severe
stages. Thus, there is considerable interest in evaluating
whether specific inhibition of gene products that protect
cancer cells from apoptosis will lead to tumour growth
inhibition.

DESIGN OF NUCLEASE-RESISTANT RNA AND
DNA ENZYMES

Unmodified RNA and DNA are subject to rapid nuclease
degradation. In the case of hammerhead ribozyme, the
29-hydroxyl groups of pyrimidines were found to be the
primary sites of ribonucleases [9]. Thus, replacement of
natural pyrimidines with their 29-modified versions should
increase ribozyme stability. In this respect, the substitution
of pyrimidines with 29-fluoro, 29-amino, 29-O-methyl, or
29-O-allyl analogs has produced stable ribozymes [10–12].
Notably, the chemical modifications that maximize ri-
bozyme stability and cleavage activity must be chosen
carefully so as not to inhibit ribozyme catalytic activity [11,
12]. Indeed, the substitution of all pyrimidine nucleotides
in a ribozyme by their 29-amino or 29-fluoro analogs
inhibited ribozyme cleavage activity by 25- to 50-fold
compared to the unmodified ribozyme [11]. In contrast to
these studies, we have found that the replacement of all
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pyrimidine nucleotides by their 29-amino analogs can
produce stable RNA enzymes with high stability and
cleavage activity, provided that position 2.1 contains a
purine or an unmodified pyrimidine [13–15]. The presence
of 29-amino at position 2.1 may influence ribozyme/sub-
strate structure and therefore cleavage efficacy [15]. This
observation should facilitate the design of totally 29-amino

pyrimidine-modified ribozymes for exogenous delivery in
different therapeutic settings.

In addition to developing RNA enzymes, we have also
explored the possibility of selecting DNA molecules with
endoribonuclease activity from random deoxynucleotide
libraries. Some of the selected motifs showed a poor
cleavage activity.* In contrast to this, Santoro and Joyce
recently selected very active DNA enzymes [3], in particu-
lar the 10–23 motif (Fig. 2). Due to its DNA form, its high
cleavage activity at physiological Mg21 concentration, and
its easy synthesis and manufacturing, the 10–23 motif may
represent the optimal nucleic acid drug to date. When
tested for its stability in serum, however, it was found to be
rapidly degraded by serum nucleases. By introducing either
a 39-39-inverted thymidine nucleotide or phosphorothioate
analogs in the antisense arms and in the pyrimidine residues
of the catalytic core, we have designed stable DNA enzymes
that retained significant cleavage activity and cell efficacy
[16].

SIGNALING PATHWAY-TARGETED THERAPY

Notably, apoptotic signals are activated by different stimuli
and converge toward a common death pathway, for which
Bcl-2† family proteins function as regulators and caspase
family proteases function as signal transducers [7]. The gene
expression and activity of the Bcl-2-related protein can be
regulated by various kinases and phosphatases. Defining the
kinases that regulate the gene expression and activity of the
Bcl-2-related proteins may open new therapeutic strategies.

We began by investigating whether there is a direct link
between the PKC signal pathway and apoptosis. PKC is a
family of serine–threonine protein kinases which contains
at least 12 isoforms. Based upon their biochemical proper-
ties and sequence homologies, they have been divided into
three subclasses [17, 18]. Although PKC activity has been
shown to be increased in some tumours, the precise roles of
each isoform in sustained tumour growth are essentially
unknown. Therefore, we have analyzed the expression of
PKC isoforms and Bcl-2-related proteins in some cancer
cell lines, such as gliomas. Most cell lines were found to
up-regulate the expression of PKCa and Bcl-xL, suggesting
a possible molecular interaction between these two genes.
Both PKCa and d were found to be associated with the
membrane fraction, suggesting their constitutive activation
in glioma cells [13]. This constitutive activation may be
responsible for the sustained tumour cell growth.

To see whether the up-regulation of PKCa in glioma
cells is important for malignant glioma cell proliferation, its
expression was targeted by a nuclease-resistant RNA en-
zyme in which all the 29-hydroxyl pyrimidines were substi-

* Sioud M, unpublished results.
† Abbreviations: Bcl, B-cell lymphoma; PKC, protein kinase C; Apaf-1,
apoptotic protease-activating factor-1; MDR, multidrug resistance; VEGF,
vascular endothelial growth factor; bFGF, basic fibroblast growth factor;
DOTAP, N-[1-(2,3-dioleoyloxy)propyl]-N, N, N-trimethylammonium-
methyl sulfate; and Rz, ribozyme.

FIG. 1. The hammerhead ribozyme and its catalytic cycle. (A)
Structure of the ribozyme/RNA target complex. Outlined letters
indicate the conserved nucleotides. The cleavage site is indicated
by an arrow. (B) Catalytic cycle of the ribozyme. This cycle
consists of (1) sequence-specific binding of the ribozyme to a
disease causing mRNA. After cleavage (2), the ribozyme is
dissociated from the mRNA (3) and then cleaves a second
mRNA molecule (4). The cleaved mRNA is subjected to rapid
degradation by cellular ribonucleases (5).

FIG. 2. The 10–23 DNA catalytic motif selected by Santoro
and Joyce [3]. The arrow indicates the cleavage site.
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tuted with their 29-amino analogs. The ribozyme inhibited
glioma cell proliferation in vitro and in vivo [13]. In PKCa
ribozyme-treated cells, there was a significant reduction in
both the PKCa and Bcl-xL protein levels [13, 19]. Further
analysis has shown that both proteins are localized within
the mitochondrial membrane [16]. The mitochondrial
membrane-associated PKCa may directly regulate the func-
tion of Bcl-xL through phosphorylation. In accordance with
our observation, Ruvolo et al. [20] recently demonstrated
that the overexpression of the PKCa in REH cells in-
creased mitochondrial PKCa localization, augmented Bcl-2
phosphorylation, and enhanced resistance to apoptosis
induced by anticancer drugs. Both Bcl-2 and Bcl-xL pro-
teins are predominantly localized in the outer mitochon-
drial membrane, where they inhibit the association of the
Apaf-1 with procaspase-9 and thereby prevent the initia-
tion of apoptosis [21]. Based upon the data described above,
it would appear that the PKCa isoform is the kinase for
Bcl-2 and Bcl-xL proteins. Notably, the overexpression of
PKCa was also found to be associated with the multidrug-
resistant phenotype [22]. This phenotype is closely associ-
ated with a decrease in intracellular drug accumulation and
the overexpression of a 170-kDa glycoprotein, P-glycopro-
tein [23].

An alternative approach to RNA enzymes is the use of
DNA enzymes [4]. In connection with this, we have
developed nuclease-resistant PKCa enzymes that induced
apoptosis in sensitive cancer cell lines [16]. In contrast to
the PKCa RNA ribozyme, the PKCa DNA enzyme was
found to be mainly localized within the nucleus. This
nuclear localization is expected to increase the rate of
ribozyme binding to mRNA during transcription and hence
increase its effectiveness.

ANGIOGENESIS-TARGETED THERAPY

One potential target pathway for the treatment of solid
tumours is angiogenesis. Indeed, the formation of the
vascular network is essential for solid tumour to grow and
metastasize [24]. Although a large number of angiogenic
factors produced by tumour cells themselves and by acces-
sory host cells have been implicated in promoting tumour
angiogenesis, both fibroblast and vascular endothelial
growth factors (FGF and VEGF) were considered as the
most potent angiogenic factors [25, 26]. Malignant gliomas
are rapidly dividing cells with a high degree of vascularity.
To interfere with VEGF expression, we have developed a
nuclease-resistant VEGF RNA enzyme [14]. Figure 3A
shows the ribozyme base-paired with its mRNA target site.
Interestingly, a single injection of 200 mg into a glioma
solid tumour inhibited subcutaneous tumour growth in
syngenic rats. Figure 3B shows hematoxylin/eosin-stained
frozen 5 mm cryostat sections from DOTAP-treated tumour
(control) and DOTAP/VEGF ribozyme-treated tumour.
Notably, tumour treated with the liposome (DOTAP)-
formulated VEGF ribozyme showed a very significant re-
duction in glioma cell number. The sections were per-

FIG. 3. Sequence and in vivo activity of the VEGF ribozyme.
(A) Base pairing of the ribozyme with its target mRNA. The
2*-amino pyrimidine nucleotides in the modified ribozyme are
circled. The cleavage site is indicated by an arrow. (B) Hema-
toxylin/eosin-stained frozen 5-mm cryostat sections from a
DOTAP-treated glioma tumour and a VEGF ribozyme (Rz)-
treated glioma tumour.
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formed at 20 days following ribozyme treatment. Interest-
ingly, ribozymes directed against the VEGF receptor
mRNAs (Flt-1 and KDR) were found to reduce neovascu-
larization in a rat corneal model of VEGF-induced angio-
genesis [27]. Taken together, the data indicate a crucial role
for VEGF in angiogenesis.

CONCLUSION

The feasibility of cleaving mRNA selectively by RNA and
DNA enzymes should hold a great promise for clinical
medicine. Furthermore, these agents can be valuable tools
for the delineation of gene function. Such biological
information is important for the design of rational new
therapeutic strategies based on knowledge.
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reading of the manuscript.
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