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ABSTRACT The zebrafish system offers many unique
opportunities for the study of molecular biology. To date, only
random mutagenesis, and not directed gene knockouts, have
been demonstrated in this system. To more fully develop the
potential of the zebrafish system, an approach to effectively
inhibit the expression of any targeted gene in the developing
zebrafish embryo has been developed. This approach uses a
transient, cytoplasmic, T7 expression system, injected into the
fertilized zebrafish egg to rapidly produce high levels of a
ribozyme directed against the mRNA encoded by the targeted
gene to inhibit its expression. In a demonstration of this
strategy, expression of the recessive dominant zebrafish ro fail
gene was effectively inhibited by using this strategy to yield a
phenotype identical to that resulting from a known defective
mutation in this same gene. This, ribozyme-mediated, mes-
sage deletion strategy may have use in determining the
function of genetic coding sequences of unknown function.

The human genome project and allied interests will soon have
elucidated the sequence of the entire human genome (1, 2).
Although this anticipated advance is exciting, it is also mis-
leading because knowledge of the sequences of ORFs and
genetic coding regions without a knowledge of the function of
the gene products of this vast array of putative genes provides
only very limited insight into the human genome. Full knowl-
edge of the genome requires knowledge of the function of each
of the gene products of the putative genetic coding sequences.
Although gene function determination is ongoing within the
field of molecular genetics, the rate at which the function of a
gene can be determined is many orders of magnitude slower
than the rate at which a gene can be sequenced. Therefore, a
massive backlog of genetic sequences in search of a function
looms on the horizon.

One of the most useful means of determining gene function
is by “knocking out” or disrupting the unknown coding
sequence in an animal model and observing which structure(s)
or function(s) is deleted in the resulting “knockout” model (3,
4). Although gene knockout experiments have led to the
elegant elucidation of the function of many genes in the mouse,
this method is particularly cumbersome and time-consuming
(5, 6). Recent studies using ribozymes directed against the
mRNA expression product of a targeted gene have shown the
ability to down-regulate or “knockdown” the expression of
these targeted genes (7). Specifically, Zhao and Pick have
generated loss-of-function phenotypes of the fushi tarazu gene
in transgenic Drosophila expressing a ribozyme directed
against this developmentally important gene (8). Encouraged
by these results, we undertook the development of a strategy
for determination of gene function in a zebrafish system that
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we believe will be useful in determining the functions of many
mammalian and human genes because there is evidence for
strong conservation of nucleotide sequence between analo-
gous zebrafish and mammalian genes (9-15). Rather than
attempting to disrupt the gene as in gene knockout experi-
ments, we have chosen to attempt to selectively destroy or
significantly diminish the mRNA encoded by a targeted coding
sequence. In our experiments, we have used ribozymes (16-19)
targeted to sequences in the 5’ region of the encoded message
to cleave it and render it nonfunctional. Because the targeted
gene is not destroyed or disrupted as in a knockout experi-
ment, but its expression is severely diminished, we describe this
approach as a gene “knockdown” strategy.

We have chosen to use the zebrafish system to develop this
knockdown strategy because this model system offers several
significant advantages over the mouse model yet is also
designed with a complex vertebrate species probably contain-
ing a majority of those genes found in higher vertebrates such
as humans. Zebrafish are oviparous, use external fertilization,
and produce large numbers of eggs (20). Their embryogenesis
is relatively rapid and requires no attention from the parental
fish (20). They develop from the fertilized egg to free swim-
ming fry in 3—4 days (20). Their embryos are nearly transpar-
ent, allowing researchers to view the entire process of devel-
opment from fertilization to hatching (20). These qualities
separate zebrafish from the most popular research vertebrate,
the mouse. In addition, our strategy attempts to take advan-
tage of an aspect of gene transfer in fish eggs that is distinct
from gene transfer in mice and other mammalian species.
Whereas a very high percentage of mammalian fertilized eggs
microinjected with DNA sequences integrate these sequences
into the mammalian chromosome, in fish, such stable chro-
mosomal integration is rare (21-23). But, in fish, a large
number of the injected DNA sequences are maintained in a
reasonably long term, transient fashion as episomal genetic
elements (22, 23), a phenomenon not usually observed in
mammalian embryonic gene transfer. Therefore, although the
generation of stable transgenic fish or gene knockout fish, by
simple integration or by homologous recombination, is ex-
tremely difficult, the fish is the ideal species in which to express
high levels of a transient transgene product during early
embryonic development and for much of the remainder of the
first week of life, from the multiple episomal genetic elements
still present after egg microinjection.

To initially test this knockdown strategy, we chose the
zebrafish no tail (ntl) gene (9, 24) as a target to “knockdown”
its expression because homozygous mutant fish lacking this
functional gene do not form a tail (25) and this phenotype is
easily observable and provides an excellent assay for the
disruption of a specific gene function.

*To whom reprint requests should be addressed. e-mail: twagner2@
ohiou.edu.
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MATERIALS AND METHOD

Selection of Targeted Sites on the nf/ mRNA. The mRNA
sequence of the ntl gene (9) was analyzed with the RNADRAW
program (26) to generate the most stable secondary structure
of the ntl mRNA molecule. Two CUC and one GUC sites on
three loops of the generated nt/ mRNA’s secondary structure
were selected as potential targeted sites.

Construction of Plasmids. Two complementary oligonucle-
otides were synthesized for each of the three targeted sites on
the nt/ mRNA molecule. These two oligonucleotides were
allowed to anneal to yield a double-stranded DNA fragment
with Sall and PstI half-sites on its 5’ and 3’ termini, respec-
tively. This Sall/Pstl fragment was then inserted into the
Sall/Pst] sites of plasmid pGval (18) to produce plasmids
pGvaRz36s, pGvaRzs3s, and pGvaRzses. In the pGvaRz vec-
tors, the ribozyme gene(s) is under the control of a human
adenovirus type 2-associated vaRNA I (Va) gene promoter,
which is an RNA polymerase III promoter. These three
plasmids were subjected to Xbal/Sacl digestion, and an
~600-bp fragment containing the va promoter and ribozyme
sequences was generated and inserted into the EcoRI/Sacl
sites of the pTM-1 vector (27) lacking the encephalomyocar-
ditis virus internal ribosome entry site sequence (both of the
Xbal and EcoRI sites were blunt-ended by Klenow filling-in
before Sacl cleavage). The resulted plasmids were named
pT7vaRz(ntl)s6s, pT7vaRz(ntl)s3s, and pTsvaRz(ntl)ses. In ad-
dition, two other plasmids encoding the ntl4ss ribozyme with
selected point mutations [Rz(n#l)435-11 and Rz(ntl)435-22]
and one with a scrambled sequence [Rz(ntl)435s] were gen-
erated (see Table 1) for use in control experiments. Expression
of the ribozyme sequences in these plasmids is under the
control of the two arranged in tandem T7 and va I promoters
as shown in Fig. 1.

Microinjection. Whole plasmid DNA was used for micro-
injection because it is believed that circular plasmid DNA can
persist and express in the fish embryos longer than in the linear
form (22, 23). The microinjection solution consisted of a
sodium-Tris buffer (44 mM NaCl/5 mM Tris-HCI, pH 7.0), 90
ng/ul pT7vaRz DNA, with or without 10 ng/ul pT7T7 plasmid
DNA and 2.5 unit/ul of T7 RNA polymerase. The microin-
jection was performed by using methods developed earlier and
previously described (21, 23). Each fertilized egg at the single
cell stage, 0.5 h postfertilization, received ~2 nl of microin-
jection solution after chorion removal by treatment with a
0.25% trypsin solution. After microinjection, the injected
embryos were maintained in Holtfreter’s solution (0.35%
NaCl/0.01% KCl/0.01% CaCl,) at 28.5°C.
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FiG. 1. The ntl ribozyme expression vector and schematic second-
ary structure of nt/ ribozyme RNA. (4) Ntl ribozyme expression vector
pTsvaRz. The vector pT7vaRz(ntl) was constructed first by an insertion
of a ribozyme sequence (Rz) against the nf/ mRNA into a va I RNA
expression cassette; the cassette containing the ribozyme sequence
(va-Rz-loop-va’) subsequently was cloned into a pTM-1 expression
vector (27) lacking the encephalomyocarditis virus internal ribosome
entry site sequence in such a way that the expression of Rz is under the
control of both a T7 promoter (Pt7) and an adenovirus va I internal
promoter, a pol III promoter (upstream va). The Prs-driven transcrip-
tion stops at the T7 terminator (Tt7) whereas the va I-driven tran-
scription terminates at the 3’ end of the loop. (B) The sequences
flanking Rz(ntl) were designed in such a way that the 5 and 3’ ends
of the ntl ribozyme form a stable stem structure (18). Both the
ribozyme and its targeted, complementary nt/ mRNA sequences, as
well as the cleavage site (435), also are shown.

RNA Preparation and Northern Blotting Analyses. Total
RNA from 50 injected or uninjected zebrafish embryos at 5.2,
12, and 24 h postfertilization was isolated by using the RNAzol
method (28). After ethanol precipitation and drying, total
RNA was dissolved in diethyl-pyrocarbonate water, and its
concentration was quantitated spectrophotometrically. North-
ern blottings were performed by using a NorthernMax Kit
from Ambion (Austin, TX). RNA (8 ug) from each sample was
loaded to a 1% agarose—formaldehyde gel. After gel transfer
and washing, the nylon membrane was hybridized with n#/
probe and exposed to x-ray film for 72 h. Subsequently, the

Table 1. Zebrafish egg injections and resulting phenotypic change

Egg injected,

Egg survived 96 h Phenotypic change

Injected material n postfertilization, n None Partial Full
Uninjected — 501 501 0 0
pT7va* + pT7T7 + T7 RNAP 508 211 211 0 0
pT7vaRz(ntl)435% + pT7T7 + T7 RNAP 799 316 256 38 (12%)F 22 (7%)%
pT7vaRz(ntl)435-11F + pT7T7 + T7 RNAP 257 85 85 0 0
pT7vaRz(ntl)435-22F + pT7T7 + T7 RNAP 426 135 135 0 0
pT7vaRz(ntl)435-ST + pT7T7 + T7 RNAP 631 220 220 0 0

The data shown were the results of several individual injection experiments. Each injection resulted in quantitatively similar
percentages of the phenotypic changes in the injected zebrafish embryos. See text for discussion. The phenotypic changes are

as defined and shown in Fig. 2.

“pT7va is a control plasmid produced by deletion of ribozyme coding sequences from pT7vaRz.
TThe complementary flanking sequences (binding arms) are as follows:

Rz(ntl)435:  5'-CCTCCGTT....... AGTTTATT
Rz(ntl)435-11: 5'-CCTCCCTT....... AGATTATT
Rz(ntl)435-22: 5'-CCACCCTT....... AGATTTTT
Rz(ntl)435-S: 5'-CTCTACTT....... TTGCTGTA

#The percentage is calculated by dividing the number of the phenotypic change by the number of the survived.
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membrane was rehybridized with the B-actin and ribozyme
probes and was exposed to x-ray films for 12 h.

DNA Fragments and Probe Preparation. A 900-bp ntl cDNA
fragment (114-1014) was amplified from zebrafish embryo
total RNA by reverse transcriptase-PCR by using a pair of
primers and then cloned into the EcoRV sites of the pCR-3
vector (Promega). This plasmid was named “pCRnfl.” A
900-bp fragment was recovered after EcoR1/Xhol cleavage of
pCRuntl and was used as the template for production of the ntl
gene probe. A 600-bp fragment containing the va I promoter
and the ribozyme gene was recovered after EcoRI/Mlul
digestion of pTsvaRz plasmid and was used as a probe for
ribozyme RNA detection. A 2-kb fragment of the mouse
B-actin gene was used as a B-actin probe to detect zebrafish
B-actin mRNA, which served as an internal control for quan-
titation of the total RNA of each sample in Northern blots.
32P-labeled probes were synthesized by using a random primer
kit (GIBCO/BRL).

RESULTS

To provide high levels of a ribozyme targeted against the ntl
mRNA in both the nucleus and cytoplasm of zebrafish cells,
because it is not presently clear in which of these compartments
of the cell ribozymes have their principal activity, an expression
cassette was constructed that incorporates both a strong T7
promoter system (27) driving high level cytoplasmic ribozyme
expression and the strong adenovirus va I, pol IIT promoter (18)
driving high level nuclear ribozyme expression. The structure and
mode of construction of pT;vaRz(ntl) plasmids is described in
Fig. 1. Initially, three different ribozyme constructs were gener-
ated targeting the 5’ region of the nf/f mRNA molecule. By using
the RNADRAW program (26) to predict the secondary structure of
the ntl mRNA, open loops and open regions of the RNA structure
containing the GUC or CUC sequence required for ribozyme
cleavage were identified and targeted. Three such regions sur-
rounding a CUC at nucleotide 365, a CUC at nucleotide 435, and
a GUC at nucleotide 564 were chosen to design ribozymes
targeted against. The three plasmids expressing these ribozymes
were designated pT;vaRz(ntl)ses, pT7vaRz(ntl)sss, and
pTvaRz(ntl)se4.

Zebrafish eggs were generated, collected, and injected with
plasmids at the 1-cell stage by using methods established by
one of us (Y.F.X.) (22, 23). Each egg received ~200 pg of
ribozyme-encoding plasmid. Because cytoplasmic expression
from the T7 promoter of each of the pT;vaRz(nt/) plasmids
requires co-injection with a pT;T; plasmid prebound to T7
RNA polymerase (27), the presence or absence of this source
of T7 RNA polymerase would determine whether or not
cytoplasmic ribozyme expression was present within the de-
veloping zebrafish egg. Therefore, duplicate experiments with
and without 20 pg of pT;T7 plasmid with prebound T7 RNA
polymerase were carried out for each of the ribozyme-
encoding plasmids pT;vaRz(ntl)ses, pT7vaRz(ntl)s3s, and
pT7vaRz(ntl)se64 to determine whether cytoplasmic or nuclear
ribozyme expression was most effective at disrupting gene
expression. Of the six separate experiments, only the three that
included the 20 pg of pT;T7 plasmid with prebound T7 RNA
polymerase resulted in fry with any evidence of the no tail
phenotype (data not shown). Whereas plasmids
pTsvaRz(ntl)36s and pT,vaRz(ntl)ses co-injected with the
pT7T; plasmid system showed the no tail phenotype to a
limited extent, only plasmid pT,vaRz(ntl)435 showed the full no
tail phenotype. Indeed, 7% of fry developing from zebrafish
fertilized eggs co-injected with pTsvaRz(ntl)s3s plasmid and
pT;T7 plasmid pre-bound to T7 RNA polymerase showed a
phenotype indistinguishable from the n#/ mutant line of ze-
brafish (Fig. 2). In addition, a higher percentage (12%) of the
fry developing from these injected eggs showed a degree of the
no tail phenotype (partial) sufficient to indicate the function
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F1G. 2. Phenotypic changes after development of zebrafish eggs
that had been injected with pTsvaRz(ntl)s3s, pT7T7, and T7 RNA
polymerase. (4) Normal zebrafish at 96 h of embryogenesis. (B) Two
examples of partial no tail phenotypic changes at 96 h of embryogenesis
in zebrafish developing from eggs injected with pTsvaRz(ntl)s3s,
pT7T7, and T7 RNA polymerase. (C) An example of full no tail
phenotypic changes at 96 h of embryogenesis in zebrafish developing
from eggs injected with pTsvaRz(ntl)s3s, pT7T7, and T7 RNA poly-
merase. (D) A homozygous no tail mutant zebrafish (nt/®19%) (23) at
96 h of embryogenesis.

of the ntl gene (Fig. 2 and Table 1). In an attempt to determine
whether antisense oligonucleotides also might yield a similar
effect, we injected 300 fertilized zebrafish eggs with a 21-base
antisense deoxyoligonucleotide complementary to the (ntl)43s
target sequence at molar concentrations 200-fold higher than
the injected pTsvaRz(ntl)435 plasmid and were unable to see
any abnormal phenotype in the resulting 150 fry. To confirm
the specificity of the targeting Rz(ntl)43s ribozyme-flanking
sequences for the nt/ message, fertilized zebrafish eggs also
were injected with plasmids encoding Rz(ntl)s4ss ribozymes
with point mutations in these flanking sequences or with
scrambled flanking sequences (Table 1). A single point mu-
tation in the flanking sequences, a double point mutation, and
complete scrambling of these sequences did not yield any
observation of altered tail phenotype at all (Table 1).

To confirm both the presence of the nt/ targeted ribozyme
and the destruction of n#/ mRNA in zebrafish embryos injected
with the ribozyme-expressing pTvaRz(ntl)43s5/pT7T7 plasmid
combination we undertook a Northern analysis of the RNA
complement of these embryos. RNA was isolated from in-
jected zebrafish embryos at 5.2 h after fertilization, the time
period when ntl message is reported to be at its highest level
(9), as well as at 12 and 24 h postfertilization, and used for a
Northern hybridization experiment by using a labeled probe
specific for the ntl message (Fig. 3A). Fig. 34 clearly shows the
marked decrease in ntff mRNA in the injected embryos com-
pared with the noninjected control embryos. At 5.2 h, the
ribozyme-injected group expressed 63% less ntl mRNA than
did the uninjected control group as determined by the relative
intensities of autoradiographic signals of n2/ mRNA on North-
ern blots by densitometric analysis. Because the ntl message
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F1G. 3. Northern blot analyses of the reduction of nt/ mRNA and
the presence of ribozyme in the pT7vaRz(ntl)sss-injected zebrafish
embryos. Fertilized zebrafish eggs were injected with pT7vaRz(ntl)43s,
pT7T7, and T7 RNA polymerase as described in Fig. 2. Total RNA was
isolated from 50 injected and uninjected embryos at 5.2, 12, and 24 h
postfertilization. Each RNA sample (8 pg) was subjected to electro-
phoresis in a 1% agarose—formaldehyde gel. After gel transfer, the
membrane containing the transferred RNAs was hybridized with
appropriate probes as described in Materials and Methods. (A) North-
ern blot with the ntl probe. Rz, RNA isolated from the injected
embryos; C, RNA isolated from uninjected embryos. (B) The same
membrane rehybridized with ribozyme and actin probes. The actin
mRNAs serve as the internal RNA quantitation references for each
time point.

—0.24

appears and directs its function principally at 5.2 h into
development (9), well before the phenotypic manifestation of
its action, tail formation, occurs, it is not possible to perform
Northern hybridization analysis on only those 7% of the embryos
that show the complete no tail phenotype. Therefore, because all
injected embryos, including those that eventually showed the
normal phenotype (81%) and those that only showed partial no
tail phenotype (12%), were included in the embryos from which
the mRNA was isolated, we could not expect a complete loss of
the ntl mRNA. The ~63% decrease in ntl mRNA shown in Fig.
34 for injected embryos was consistent with our phenotypic
observations of later stage injected zebrafish fry. In addition to
Northern analysis of the nff mRNA, we also used a probe specific
for the ntlyzs ribozyme to carry out Northern hybridization
analysis of the appearance of nfly3s ribozyme in zebrafish embryos
at various times during their development. Fig. 3B shows large
amounts of n#l43s ribozyme in injected zebrafish embryos from 5.2
to 24 h after fertilization, with the highest levels occurring at 12 h
postinjection, clearly indicating the presence of substantial
amounts of ribozyme during the period of embryogenesis of the
zebrafish.

DISCUSSION

We have shown that the expression of a ribozyme within the
developing zebrafish embryo, targeted against a mRNA en-
coding a specific gene product, can effectively knockdown the
level of that message sufficient to block the action of the
targeted gene product. We demonstrated this by targeting the
message encoded by a zebrafish recessive dominant gene (nt/)
(25) with a known function contributing to the formation of the
fish’s tail and have shown the complete blockage of tail
formation in a significant percentage of fry hatched from
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embryos injected with plasmids encoding a n#/ targeted ri-
bozyme. This result suggests that a ribozyme gene knockdown
strategy could be as useful as the established gene knockout
strategy to identify and elucidate gene function while being
much more efficient.

Furthermore, it seems that this ribozyme-mediated gene
knockdown strategy depends on the T cytoplasmic expression
system used in these experiments. The expression plasmid used
in the experiments described herein contained a dual promoter
system such that ribozyme expression could be driven by a
nuclear promoter, the adenovirus va I, a pol III promoter, or
the T; promoter in a cytoplasmic mode. The importance of the
T7 cytoplasmic expression system is suggested because ze-
brafish developing from eggs that were not co-injected with the
pT7T7 plasmid with prebound T7 RNA polymerase, a prereq-
uisite for T cytoplasmic expression, showed no alteration of
normal tail phenotype despite the potent adenovirus va I, pol
III promoter, driving ribozyme expression in plasmids in these
fish. This observation also suggests that ribozymes can effec-
tively act against RNA molecules within the cytoplasm because
T, promoter-mediated ribozyme expression is restricted to the
cytoplasm (27). Whether the T7 expression system facilitates
effective ribozyme cleavage of target RNA as a result of its
cytoplasmic site of synthesis or because of its immediate and
high level of expression (27) or both remains unclear.

An additional significant finding is that no other develop-
mental or structural abnormalities were observed in any
zebrafish developing from eggs injected with the anti-ntl
ribozyme expression vector. Furthermore, point mutations in
the anti-ntl ribozyme flanking sequences that target the nt/
message completely eliminated the appearance of any abnor-
mal tail phenotypes in fish developing from eggs injected with
these mutant ribozymes (Table 1). These findings support the
remarkable specificity of the ribozyme-mediated gene knock-
down strategy used herein.

The results presented here suggest that the determination of
zebrafish analogues to human coding sequences, followed by
their knockdown by using the strategy outlined herein, could
result in a rapid means of identifying their function. Because
only knowledge of short sequences of the target mRNA
molecule is necessary for the design of the knockdown ri-
bozyme, only minimal sequence information need be deter-
mined for zebrafish analogues. By identifying highly conserved
motifs within a gene or a family of genes, it may be possible to
predict short sequence targets within a zebrafish analogue for
sequence determination and targeting. This strategy may hold
the potential of greatly increasing the efficiency of determi-
nation of gene function.

We thank A. Lieber and M. A. Kay, who provided us with the pGvaLL
plasmid, Dr. Thomas Quertermous for critically reading this manu-
script, and G. Westlake and T. Creamer for their valuable technical
assistance.
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