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Summary

Ribozymes are naturally occurring catalytic RNAs which can be targeted to bind and cleave other RNA molecules
with high specificity. Ribozyme-mediated inhibition of gene expression at the message level represents a powerful
therapeutic tool. Implement of ribozymes in gene therapy has focused mainly on HIV and cancer. Use in HIV
protocols has been widespread due to the wealth of targets offered by a well-characterized RNA retrovirus.
Ribozyme utility in cancer has centered on oncogene inhibition in tumors with well defined genetics. As molecular
mechanisms of prostate cancer are poorly understood, ribozyme targets must be universal with either delivery or
expression firmly restricted to the area of interest. Overall, continued research on ribozyme design, delivery
vehicles, tissue specificity, and the genetic makeup of disease will allow ribozymes to fulfill their considerable
potential as therapeutic agents.

However, ribozymes originating from the plant viroids

L. Introduction satellite RNA of tobacco ringspot virus (sTobRV)

The regulation of gene expression through inhibition at (Buzayan et al., 1986) and lucerne transient streak virus
the protein, message, or DNA level offers not only insight (Forster and Symons, 1987) are better suited for
into biologic function but also a powerful treatment manipulation of cleavage activity and specificity. The
modality in disease. Antisense oligonucleotides have catalytic domains were termed "hammerhead" or "hairpin"
previously been demonstrated to have utility at this level owing to their secondary structure. Uhlenbeck (1987)
of regulation (Reviewed in Helene and Toulne, 1990). showed that the hammerhead ribozyme could cleave in
More recently, research in ribozyme design and implement trans. Haseloff and Gerlach (1988) defined the consensus
in therapy has expanded exponentially. Ribozymes are sequences of the hammerhead ribozyme required for site-
RNA enzymes capable of specifically binding to and specific cleavage of target RNA through in vitro
cleaving complementary RNA molecules allowing for mutagenesis studies of the plus strand of sTobRV. These
inhibition of gene expression at the message level. early studies paved the way for research on the design of

hammerhead ribozymes against any gene containing a
cleavage target.

A. Ribozyme background

The discovery that certain naturally occurring RNAs

had catalytic self-cleaving activity (Cech and Bass, 1986; B. Hammerhead ribozyme design

Altman, 1987; Forster and Symons, 1989) changed our The basic hammerhead ribozyme (see Figure 1) is
conception about the origin of life (Joyce, 1989). RNA composed of a catalytic core of 24 conserved bases and
catalysis proved that enzymatic activity was not restricted three self associating helices. Helix I and III serve as
to proteins. The original ribozyme was a self-splicing substrate recognition and binding sites by acting in
intervening sequence in the pre-rRNA of Tetrahymena antisense to the target sequence. The site of cleavage for
thermophilia whose only requirement for activity was the the ribozyme was initially shown to require a NUX
presence of a divalent metal cation (Cech and Bass, 1986). sequence where N is any nucleotide and X is A, C, or U
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(Ruffner et al., 1990) with GUC predominantly favored as
the cleavage site in naturally occurring self-cleavage

Figure 1. Hammerhead
ribozyme. The basic design
is composed of three
hybridizing helices and a
conserved catalytic core.
Helices I and III recognize
and bind the target RNA
sequence by antisense base
pairing. Cleavage occurs 3'
of the NUX sequence.

cations fulfilled by Mg*? or Mn*2 as the only requirement
(Pyle, 1993).

The overall cleavage reaction consists of three phases.
(1) The ribozyme flanking (recognition) sequences bind to
the RNA substrate by Watson-Crick base pairing to
properly align the catalytic core. (2) Phosphodiester
cleavage results in the formation of a 2'3' cyclic
phosphate on the 5' fragment and a free 5'-hydroxyl on the
3' fragment. (3) Substrate dissociation and product release
from the flanking sequences allow for multiple turnover of
the ribozyme (Reviewed in Scanlon et al., 1995).

Identification of variables affecting these steps to
improve the efficiency of the ribozyme is an active area of
research. Ribozymes differing in number and sequence of
RNA in their hybridizing helices were shown to vary
greatly in cleavage kinetics (Fedor and Uhlenbeck, 1990).
The optimal length of ribozyme flanking sequences is still
controversial. The goal is minimized mismatch pairing
with maximized product dissociation (the cleavage step is
unaffected by length of recognition sequence). Increasing
the number of paired bases resulted in stronger binding
and slow product release which limited turnover
(Herschlag and Cech, 1990). Strong binding also reduced
specificity by slowing the dissociation of mismatched
RNA substrates compromising ribozyme discrimination
(Herschlag, 1991). Although a target sequence length of
15 bases may be considered unique in the human genome,
multiple studies have demonstrated the optimal length to
be 12-14 bases (Bertrand et al., 1994; Goodchild and
Kohli, 1991). In addition, the RNA binding protein
hnRNPA1 and the nucleocapsid protein of HIV-1
enhanced the rate of binding and product release if the
length of the flanking sequences was not more than 14
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(Haseloff and Gerlach, 1988). The ribozyme cleaves 3' of
this ribonucleotide triplet with the presence of divalent

bases (Bertrand and Rossi, 1994). However, some
findings support longer flanking sequences for activity in
vivo (Crisell et al., 1993).

Another variable affecting hybridization is substrate
structure (Scarabino and Tocchini-Valentini, 1996).
Hammerhead ribozymes have demonstrated reduced
efficiency in cleaving long RNA transcripts (presumably
due to secondary/tertiary structure considerations)
(Bertrand et al., 1994). But, enhanced cleavage of longer
RNA transcripts was achieved using oligonucleotide
facilitators which interact with the substrate at the termini
of the ribozyme (Jankowsky and Schwenzer, 1996). Other
substrate concerns can be addressed by accurate
predictions of target secondary structure to identify
susceptible NUX-containing cleavage sites for ribozyme
design.

The next stage in improved ribozyme efficiency
(without taking into account the rate-limiting step of
delivery) is increasing intracellular activity of the
ribozyme. There are two general methods for introducing
ribozymes into the cell: (1) incorporation of DNA that
codes for the ribozyme into viral or non-viral vectors, or
(2) delivery by lipid or other means of chemically
synthesized ribozymes. Under the latter technique, the
ribozymes are very susceptible to ribonuclease attack once
inside the cell. A number of structural modifications can
improve stability. Substitution of deoxynucleotides in
helices I and III increased stability and catalytic activity
(Taylor et al.,, 1992). The introduction of
phosphorothioate linkages in stems I, II, and III further
protected from degradation (Shimayama et al., 1993).

With the first method, a gene encoding the ribozyme is
cloned into a vector to take advantage of the cellular
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transcriptional machinery for ribozyme production
following delivery. Cloning along with erratic initiation
or termination of transcription introduces anomalous
flanking sequences both upstream and downstream of the
ribozyme recognition sequences capable of interfering
with catalytic activity by non-specific hybridization or

Figure 2. Autocatalytic
double ribozyme vector.
The 5" and 3' cis-acting
ribozymes were designed to
bind and undergo self-
cleavage at GUC sequences
by homology of 13 bases
thereby releasing the
internal trans-acting
ribozyme with defined 5'
and 3' ends. The DNA
template for the internal
ribozyme can be inserted
into the BglII site.

prominent design, the 5' and 3' cis-acting ribozymes
undergo autocatalytic self-cleavage thereby releasing the
internal trans-acting ribozyme as a short uniform RNA
(see Figure 2) (Clawson et al., 1997). Under this
approach, ftranms-acting ribozyme sequences targeting
either single or multiple cleavage sites can be connected in
tandem with flanking cis-acting ribozymes to counteract
two inherent difficulties. (1) A large excess of ribozyme
over substrate is necessary for a significant reduction in
target RNA (Cotten and Biernstiel, 1989; Cameron and
Jennings, 1989). (2) It may be beneficial to target more
than one site of a given substrate due to the presence of
genetic variablity in target sites and the inaccessibility of
certain sites (Reviewed in Sarver et al., 1990; Rossi et al.,
1990). These multimeric ribozymes are liberated as
individual units in a cell by autocatalysis to either increase
ribozyme concentration or target multiple sites (Ohkawa et
al., 1993).

II. Ribozymes in gene therapy

Research in ribozyme technology coupled with that in
delivery vehicles implicates ribozymes as potential
therapeutic agents. Ribozyme-mediated inhibition of gene
expression at the message level allows the mRNA of
nearly any gene to be targeted for destruction. Possible
applications are only limited by molecular knowledge of
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increased secondary structure (Fedor and Uhlenbeck,
1990). Several strategies utilizing cis-acting ribozymes
have been proposed to generate a consistent RNA
transcript with defined 5' and 3' ends (Ruiz et al., 1997,
Ventura et al., 1993; Chowrira et al., 1994; Taira et al.,
1991). Ina

the disease. The majority of ribozymes implemented for
therapy thus far have focused on HIV and cancer.

A. HIV-1

HIV-1 is a retrovirus with an RNA genome and,
consequently, has numerous potential ribozyme cleavage
sites. Ribozyme activity against HIV-1 infection would
theoretically be effective at two stages in the life cycle of
the virus: (1) directly following infection when the viral
genome is still in RNA form, and (2) following integration
when viral transcript production begins (Reviewed in
Akhtar and Rossi, 1996; Yu et al., 1994). As an added
benefit, ribozymes are designed to cleave viral RNA
leaving cellular transcripts unaffected.

In early studies, a ribozyme directed against gag and
expressed in HeLa CD4+ cells challenged with HIV-1
reduced gag transcript and p24 levels (Sarver et al., 1990).
Other studies have shown ribozyme-mediated protection
from HIV-1 infection by targeting the 5' leader sequence
(regulatory region conserved in most viral strains)
(Weerisinghe et al., 1991; Dropulic, 1992). A hairpin
ribozyme also targeted to this region under the control of a
strong promoter decreased p24 levels and drastically
reduced proviral DNA formation (Yu et al., 1993; Yamada
et al., 1994).
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Because a base change in the recognition or cleavage
sequence of the target could abrogate ribozyme effect, the
high mutation rate of HIV-1 resulting from the error-prone
activity of its reverse transcriptase (Roberts et al., 1988)
poses a problem for ribozyme therapy. However, the use
of multimeric ribozymes to simultaneously target different
sites can offset this potential concern. In this regard,
multiple hammerhead ribozymes with different flanking
sequences targeted against the HIV-1 genome increased
cleavage in proportion to the number of connector units
(Ohkawa et al., 1993). In conclusion, ribozymes exhibit
significant promise in gene therapy of AIDS; but, as with
all gene therapy, improvements in a number of aspects
such as delivery are required for successful clinical
translation.

B. Cancer

Cancer is a multi-step process involving sequential
genetic activations and inactivations of certain key
elements involved in cell proliferation, differentiation, and
apoptosis. The altered genes fall into one of two groups:
oncogenes or tumor suppressor genes. Oncogenes are
often overexpressed or mutated in the signal transduction
pathway leading to uncontrolled cell growth. Because the
process works through an RNA intermediate, targets are
available for ribozyme activity. The majority of ribozyme
gene therapy of cancer has focused on inhibition of
specific oncogene expression in tumors with a relatively
defined genetic basis.

The ras family of G proteins plays a vital role in the
signal transduction pathway which converts extracellular
signals into an intracellular response mediated by nuclear
transcription factors.  The ras gene is mutated in
approximately 90% of pancreatic adenocarcinomas
(Almoguera et al., 1988), approximately 50% of
adenocarcinomas of the colon (Bos et al., 1987), and
approximately 45% of melanomas (Ball et al., 1994).
Because of this high prevalence, the ras oncogene is a
popular target for knockout in gene therapy. A
hammerhead ribozyme targeted to a predominant mutation
in the 12th codon of H-ras (GGC--GUC) can discriminate
the mutated from the normal gene and exert profound anti-
neoplastic effects (Kashani-Sabet et al., 1992). EJ bladder
carcinoma cells transfected with the ras ribozyme under
transcriptional control of the human p-actin promoter
showed a decreased level of H-ras gene expression,
reduced cell growth, and diminished tumorigenicity in
nude mice (Kashani-Sabet et al., 1992; Tone et al., 1993).
In human melanoma cells, transfection of the ras ribozyme
resulted in decreased H-ras gene expression, reduced cell
proliferation, and also exhibited a more differentiated
phenotype (Ohta et al., 1994/1996). Tranfection into
NIH3T3 cells transformed by the mutant H-ras gene
demonstrated decreased focus formation and protection
from future transformation (while not affecting normal
3T3 growth) (Koizumi et al, 1992; Funato et al., 1994).
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The ras ribozyme displays great therapeutic potential due
to its prevalence in a number of tumors and the ability to
target a tumor-specific mutation while leaving normal
cells unaffected.

The c-fos protein complexes with c-jun to form the
AP-1 transcription factor at the distal end of many signal
transduction pathways and regulates a number of genes
involved in proliferation, apoptosis, and drug resistance.
The c-fos oncogene plays a leading role in the
development of resistance to chemotherapeutic drugs
which currently represents a serious limitation in the
treatment of a number of cancers. Resistance to cisplatin
(one of the most widely used anti-neoplastic agents)
appears to be caused by overexpression of the c-fos
oncogene (Scanlon et al., 1989/1990; Kashani-Sabet et al.,
1990a/1990b). A ribozyme designed to cleave c-fos was
transfected into an ovarian carcinoma cell line resistant to
cisplatin resulting in regained sensitivity to cisplatin
treatment due to down-regulation of c-fos as well as c-fos
regulated genes which direct DNA synthesis and repair
(DNA  polymerase [, topoisomerase I, and
metallothioneein IIB) (Scanlon et al., 1991/1994; Funato
etal., 1992).

The MDR drug resistant phenotype is caused by
overexpression or amplification of the mdr-1 gene which
also has an AP-1 site signifying regulation by c-fos
(Teeter et al, 1991; Gottesman and Pasten, 1993). mdr-1
encodes a membrane p-glycoprotein involved in drug
efflux. The same drug resistant cell line found to
overexpress c-fos also overexpresses mdr-1; and
transfection of the c-fos riboyzme decreased mdr-1 levels
along with levels of c-fos which restored sensitivity to
MDR agents (Scanlon et al., 1994). Multiple groups have
also produced mdr-1 ribozymes and showed their efficacy
in restoring drug sensitivity in a number of cell lines
(Kobayashi et al, 1994; Holm et al., 1994; Scanlon et al.,
1994; Kientopf et al., 1994).

Another prime ribozyme target is the bcr-abl gene
present in more than 95% of chronic myelogenous
leukemias (CML) (Kurzrock et al., 1988). The
Philadelphia chromosome results from the reciprocal
translocation between chromosmes 9 and 22 fusing the ber
and abl genes to form an augmented tyrosine kinase with
transforming ability. Several groups targeted the
breakpoint of the fusion gene for ribozyme cleavage
resulting in varying levels of reduced cell growth in CML
cell lines transfected with the ribozyme (Snyder et al.,
1993; Shore et al., 1993; Lange et al., 1994). However,
ribozyme-mediated cleavage of bcr-abl may not be
entirely specific to the fusion gene (Wright et al., 1993).
Several groups have overcome wild type mRNA cleavage
and therefore regained tumor-specificity by altering the
recognition sequences of the ribozyme (Kearney et al.,
1995; James et al., 1996).
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The studies reviewed here of oncogene inhibition by
ribozymes clearly demonstrate their future role as anti-
neoplastic agents in gene therapy protocols. They have
proven their superiority to antisense approaches (currently
used in several clinical trials) due to multiple catalytic
turnover (Reviewed in Kijima et al, 1995). And potential
targets in cancer therapeutics are limited only by our
current understanding of the disease.

a. Prostate Cancer

Prostate cancer is the most frequently diagnosed
cancer in U.S. males and the second leading cause of
cancer death (Parker et al., 1997). Although already a
major health problem with predicted dramatic increases in
incidence and mortality over the next 15 years, the
molecular mechanisms behind the disease's initiation and
progression remain largely a mystery.  Therapeutic
modalities thus far are limited and largely ineffective.
Current treament of prostate cancer includes watchful
waiting, radical prostatectomy, radiation therapy,
hormonal therapy, and limited chemotherapy. Recurrence
rates and mortality, especially with non-localized late
stage disease are very high (Reviewed in Cersosimo and
Carr, 1996). Further, approximately one-third of patients
are in advanced stages of the disease at the time of
diagnosis (Reviewed in Konety and Getzenberg, 1997).
Additional therapeutic options are clearly necessary.
Though a number of genes such as Rb and p53 have been
found mutated in late stage disease (Kubota et al., 1995;
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Dahiya et al., 1996), a consensus sequential series of
activations and inactivations of oncogenes and tumor
suppressor genes has not been elucidated in prostate
cancer as in other cancers such as in the colon (Cho and
Vogelstein, 1992). Because specific genetic alterations
are relatively unknown, target selection for ribozyme gene
therapy must move beyond inhibition of oncogene
expression. The target must be more universal to affect all
prostate cancers and not just subsets harboring a specific
oncogene or tumor suppressor gene dysfunction.

In this regard, the transcription of ribosomal DNA is
completely dependent on activated RNA polymerase I
(RNA poll) and its associated factors. Ribosomal genes
comprise only 1% of the genome but account for 40% of
total cellular transcription (Reviewed in Moss and
Stefanowsky, 1995). This immense udertaking is a
prerequisite for growth and development (Reviewed in
Moss and Stefanowsky, 1995). Indeed, the tumor
suppressor gene Rb may repress proliferation by
disrupting RNA poll-mediated transcription (Cavanaugh
et al., 1995). Similarly, a ribozyme targeted to bind and
cleave the message of RNA poll would compromise
cellular viability by preventing proper formation of the
protein synthesis machinery through a shutdown or
reduction in ribosomal RNA production (see Figure 3).
Increased effect should be observed in neoplastic cells due
to their augmented growth rate.
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Figure 3. RNA polymerase I targeted ribozyme. A ribozyme targeted to bind and cleave the message of RNA polymerase I leads
to a shutdown or significant reduction in ribosomal RNA transcription. The disruption in the protein synthesis machinery results in
diminished cellular growth and compromised viability.

Figure 4. RNA polymerase I secondary structure prediction. To identify potential cleavage sites for the frans-acting ribozyme,
the sequence of the RNA poll transcript was searched for the presence of the nucleotide triplet GUC. Secondary RNA structure was
then predicted using the program MFOLD and susceptible regions of the transcript sequence containing GUC were identified. The
region at nucleotide 457-459 indicated by the arrow was chosen as the target cleavage site.
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A ribozyme was targeted to subunit AC40 of RNA
poll (see Figure 4) and cloned into the BglII site between
the 5' and 3' autocatalytic ribozymes to form a RNA poll
targeted triple ribozyme (TR) (Clawson et al., 1997). In
vitro, the construct displayed predicted autocatalytic
cleavage in cis to release the internal ribozyme targeted to
cleave RNA poll in trans (Clawson et al., 1997).
Transfection of TR into mouse fibroblast cells resulted in
a 50% decrease in RNA poll message levels (50%
transfection efficiency) (Clawson et al., 1997). Further,
the diminution of RNA poll mRNA caused by the activity
of the triple ribozyme was sufficient to markedly reduce
cell population (below that of a mutant non-catalytic
version of the ribozyme acting in antisense fashion) thus
implicating ribosomal transcription as an important
mediator of cell proliferation and viability (Clawson et al.,
1997). Thus, ribozyme-mediated knockout of this
housekeeping gene has cell killing ability. However,
application of the RNA poll triple ribozyme to cancer
gene therapy, in general, and prostate cancer gene therapy,
in particular, requires highly restricted targeting of the
construct to the tissue of interest to prevent collateral
damage in other tissues.

b. Tissue Specificity

Targeting can occur at two levels: (1) targeted
delivery by restricted entry of DNA into cells, or (2)
targeted expression by restricted transcription of the
introduced DNA.  Through implemention of these
strategies both a local and systemic response to primary
and distant tumors can be achieved. In the former
approach, research is focused on engineering surface
components of viral and non-viral vectors to recognize
specific target cell types or tissues (Reviewed in Miller
and Vile, 1995; Harris and Lemoine, 1996). The latter
approach of directed expression of the therapeutic gene to
specific cell types can be accomplished by coupling to a
tumor- or tissue-specific promoter.

Tumors often sustain the ability to produce proteins
specific for the tissue from which the neoplasm arose
(Hart, 1996). To exploit this transcriptional specificity,
essential promoter regions are defined and used to restrict
expression of the exogenous gene of interest. Although
transcriptional targeting is considered to be tissue-specific,
a number of promoters can also be thought of as tumor-
specific if the normal tissues are not essential for viability
or accessible to the introduced DNA (Deonarain et al.,
1995). Promoters of potential use for gene therapy of
cancer include a-fetoprotein for liver tumors and c-erbB2
for breast or pancreatic tumors (Deonarain et al., 1995),
tyrosinase or tyrosinase related protein for melanoma and
polymorphic epithelial mucin for ovarian carcinoma (Hart,
1996), and surfactant protein promoter for lung cancer
(Smith et al., 1994). The tyrosinase promoter was used to
express a ribozyme targeted to the ras mutation in human
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melanoma cells and found to be superior in suppressing
the melanoma phenotypes over a conventional promoter
(Ohta et al., 1996).

The expression of certain proteins is strongly restricted
to prostate tissue. Prostate-specific antigen (PSA) is a
serine protease with homology to kallikreins (Watt et al.,
1986). It is considered the most sensitive marker available
for diagnosis and management of prostate cancer
(Cersosimo and Carr, 1996). The biologic role of PSA is
to lyse seminal fluid, and it was recently found to cleave
the insulin-like growth factor binding protein-3 which then
releases insulin-like growth factor serving as a mitogen
(Cohen et al., 1994). Of therapeutic interest is the nearly
exclusive production of PSA by both normal and, in most
cases, neoplastic luminal prostatic epithelial cells
(Reviewed in Peehl, 1995).

The ability of the androgen regulated promoter region
of the PSA gene to target heterologous gene expression to
protate tissue is of critical import. Transgenic mice
bearing a 6-kb PSA promoter region driving expression of
a reporter construct demonstrated prostate-specific
expression mirroring the expression patterns seen in
humans (Cleutjens et al., 1997). A shorter segment of the
PSA promoter was able to drive expression of a reporter in
LNCaP cells without activity in lines of non-prostatic
origin (Lee et al., 1996; Pang et al., 1995). Overall, the
PSA promoter has significant potential in prostate cancer
gene therapy; and research continues in the identification
of promoter regulatory elements necessary for tissue
specificity and maximum expression (Zhang et al, 1997;
Pang et al., 1997).

Similarly, rat probasin is a hormonally regulated
protein predominantly found in the dorsolateral region of
the prostate (Spence et al., 1989). Transcriptional activity
of probasin (mediated by androgens) begins in the prostate
between 2 and 7 weeks of age and increases with sexual
maturity (Matusik et al., 1986). Transgenic studies with a
minimal rat probasin promoter region driving a reporter
construct revealed highly specific expression restricted to
the lateral, dorsal, and ventral lobes of the prostate with
very limited expression also observed in the anterior
prostate and seminal vesicles but nowhere else in the body
(Greenberg et al., 1994). Maximal expression occurred in
the mouse dorsolateral prostate, significant due to the
region's correlation to the peripheral zone of the human
prostate where the majority and most invasive forms of
human cancer arise (Reviewed in Price, 1963).
Subsequent research demonstrated that a larger fragment
of the probasin promoter containing androgen and zinc
regulatory regions was able to direct higher levels of
expression specifically to the prostate in transgenic mice
(Yan et al., 1997). Probasin promoter expression patterns
in human tissue have yet to be resolved; but, at minimum,
the promoter sequence has utility in the transcriptional
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targeting of prostate cancer gene therapy constructs for
evaluation of effect in animal model systems.

Under the aforementioned classification system for
transcriptional targeting, prostate tissue is considered non-
essential; thereby defining prostate-specific promoters as
tissue-specific and tumor-specific (Deonarain et al., 1995).
The coupling of cytotoxic genes to prostate-specific
promoters is a feasible approach to prostate cancer
therapy. The cell killing effects of the previously designed
RNA

Figure 5. Seap assay--probasin promoter. TRAMP cells
were transfected with PBSeap or Seap Basic (control) in
triplicate. Samples of culture media were taken daily and the
seap assay performed. RLU/sec values of the PBSeap and Seap
Basic transfected cells were averaged and control transfected cell
values subtracted. Initiation of maximal expression was
observed on day two post-transfection.
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Figure 6. Transfection assay--probasin-RNA poll triple

ribozyme (turnover rate). TRAMP cells were plated at 8x10°
for either mock transfection with liposome only (Lipo Cntrl),
transfection with the probasin-driven triple ribozyme vector
(PBTR), or transfection with the identical construct without the
internal RNA poll ribozyme (PBDR). The population and
turnover rate of the PBTR transfected cells were lower at all time
points. (Note: transient transfection with efficiency of 25-30%)

poll targeted triple ribozyme can be restricted to prostatic
epithelium and neoplastic derivatives if placed under
transcriptional control of the minimal probasin promoter.
A recently developed mouse prostate tumor cell line
(TRAMP) provides an opportunity to evaluate the
probasin-driven triple ribozyme construct (PBTR). The
probasin promoter was able to drive expression of
heterologous genes in this cell line as judged by transient
transfection of a probasin-driven Seap reporter construct.
Initiation of maximal expression occurred between day
one and two with slightly increasing intensity therafter
(see Figure 5) (Voeks et al., 1997). Transfection of the
prostate tumor cells with the PBTR construct reduced
cellular proliferation beginning between day one and two
as compared to control transfected cells (see Figure 6)
(Voeks et al., 1997). Because transfection was transient
and at low efficiency, profound deviation in cell number
only occurred for a brief time before returning to normalcy
(presumably when the transduced cells were removed
from the population).

To evaluate the therapeutic potential of PBTR on
tumor tissue in vivo (TRAMP xenografts), the PBTR
construct was administered by direct intra-tumoral
injection using a cationic liposomal carrier as vehicle.
Both single administration and repeated administration on
three consecutive days resulted in a consistent reduction of
tumor growth between day two and day six post-
administration followed by a resumption of normal tumor
growth (Voeks et al., 1997). Delivery of reporter
constructs under the same conditions indicated that gene
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transfer by liposomal vehicle was low (unpublished).
However, the reduced tumor burden following injection of
the probasin-driven triple ribozyme offers the promise of
an enhanced, longer-lasting effect by employing a more
efficient delivery vehicle.

Prostate epithelial cell-specific knockout of a key gene
in cellular growth and viability has the capability of
treating cancer confined to the prostatic capsule and, more
importantly, the potential to track metastasized tumor cells
without realizing collateral damage in other tissues. The
initial reduction in tumor burden by liposomal delivery of
the probasin-driven triple ribozyme indicates the
possibility for translation of prostate-specific RNA poll
ribozyme therapy to human cancer if increased levels of
cell killing can be attained with improved delivery. Also,
additional promoters can be utilized should PB not display
similar properties in human cancer cells or lack the ability

to drive expression in advanced stages of the disease.

III. Conclusions

The rapid emergence of ribozyme technology for the
specific control of gene expression harbors great potential
in gene therapy. Antisense approaches have been widely
utilized in therapeutic research and a number of clinical
trials initiated. Ribozymes hold clear advantages over
antisense methodology evidenced by their increasing
application in the treament of disease, most notably HIV
and cancer. At present, there are two ongoing HIV
ribozyme clinical trials, and widespread ribozyme entry
into a broad range of clinical trials should soon occur.
However, additional research is necessary to successfully
advance ribozyme therapy to the clinical setting. For
instance, extensive in vivo animal-based evaluation is
required. Ribozyme activity and specificity need to be
further optimized. Even with stronger research emphasis,
delivery remains the major rate-limiting step in gene
therapy protocols. Also, improved molecular knowledge
of malignancies will identify additional ribozyme targets.
And advances in targeting through vector design coupled
with elucidation of key transcriptional elements will
greatly improve ribozyme therapy. The future of
ribozymes in the growing field of gene therapy appears
promising.
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