
LEXA-BASED CHEMICAL-INDUCIBLE GENE EXPRESSION SYSTEM
FOR USE IN TRANSGENIC ANIMALS CROSS-REFERENCE TO
RELATED APPLICATION [0001] The present invention
claims priority to U.S. provisional patent application
Serial No. 60/948,250, filed 6 July 2007, incorporated
herein by reference. BACKGROUND OF THE INVENTION
[0002] The present invention relates generally to
chemical-inducible system and to methods of use in
transgenic animals. More specifically, the present
invention relates to a chimeric transcription factor
that binds to a ligand and functions in
ligand-dependent manner to induce expression of genes
of interest under the control of a synthetic
operator-promoter sequence. The expression of genes of
interest can be tightly controlled by adding or
removing the ligand. [0003] The publications and other
materials used herein to illuminate the background of
the invention, and in particular, cases to provide
additional details respecting the practice, are
incorporated by reference, and for convenience are
referenced in the following text by author and date
and are listed alphabetically by author in the
appended bibliography. [0004] Transgenic organisms
that express or misexpress various transgenes are
commonly generated for biological research and
biotechnology. However it is often problematic to
generate or study the transgenic organisms that carry
and express certain transgenes. For example, i)
expression of a transgene which causes lethality or
infertility makes it is impossible to create
transgenic animals carrying a given transgene; ii) the
developmental or other effects caused by expression of
a given transgene in the earlier development makes it
is impossible or problematic to unambiguously study
the effects that occur later in development; and iii)
continuous expression of the transgene after a certain
time point may be undesirable. [0005] Also, many
developmentally regulated genes are re-deployed at
different times of development in different cell
types. Therefore, in order to dissect their unique
functions in each context in a precise manner, methods
for manipulation and spatiotemporal control of gene
expression are essential. Using a simple promoter to
drive target gene expression is the most commonly used
strategy in transgenic fish and other vertebrate
species. However, the number of well-characterized
tissue-specific promoters is very limited.
Furthermore, constitutive and 



ubiquitous expression is often not adequate or
disadvantageous, for example, when gene expression at
earlier stages of development causes severe effects,
which obscure the roles of thisgene at later stages or
when expression of the transgene cause infertility or
premature lethality, hindering generation and
maintenance of transgenic animals. [0006] One way to
address these problems is by generating two
independent transgenic lines, the "effector (target)"
line, carrying a transcriptionally silent gene of
interest, and the "driver" line, expressing a
transcription activator which can induce expression of
the gene of interest in double transgenic hybrid
driver/effector animals (e.g. Gal4/UAS system (Davison
et al., 2007; Scott et al., 2007))- The use of gene-
and enhancer-trap screening can allow the generation
of a large number of driver lines with various
expression patterns of a transcription activator
(Kotani et al., 2006; Parinov et al., 2004; Scott et
al., 2007). However, it is not feasible to cover all
required spatiotemporal patterns even in large-scale
enhancer-trap screens. Therefore, improved techniques
that permit switching gene expression on and off when
required, would allow more experimental flexibility
and better control of expression. [0007] Heat shock
promoters have been utilized in fish to induce
ubiquitous gene expression at specific time points by
exposure to heat (Bajoghli et al., 2004). For example,
heat-inducible expression of the dominant-negative
form of the FGF receptor driven by a zebrafish hsp70
was used to study the roles of Fgf signaling during
regeneration (Lee et al., 2005; Lepilina et al.,
2006). However, heat shock promoters allow relatively
low inducibility and lack spatial control of transgene
expression. Also, using lasers to induce cell-specific
gene expression (Halloran et al., 2000) is technically
difficult and applicable only on a small scale. [0008]
Non-inducible gene expression systems utilizing the
LexA DNA binding domain have been previously used in
invertebrates and in vertebrate cell cultures (Hoshino
et al., 2004; Lai and Lee, 2006; Nettelbeck et al.,
1998; Szuts and Bienz, 2000). [0009]
Chemical-inducible techniques allow temporal control
of gene expression combined with the spatial control
of tissue-specific promoters. Furthermore, binary
inducible expression systems allow a combination of
inducibility with the power of enhancer trap screening
(Nicholson et al., 2008). Chemical inducible
expression systems have been previously applied to
study gene functions at various stages of development.
For example, "tet-on" inducible system was used to
dissect multiple roles of genes during chicken
somitogenesis, which would 



not be possible using a conventional promoter because
the phenotypes caused by the early expression of some
genes precluded studying the effects at the later
stages (Watanabe et al., 2007). Mifepristone-inducible
expression of FGF-3 during postnatal development, and
in the adult tissues was used to assess the complex
temporal roles of the FGF signaling in organ
development, adult physiology and tumor development in
transgenic mice, becausemanipulation of FGF signaling
at earlier stages caused abnormal development and
neonatal lethality (Ngan et al., 2002; Zhao et al.,
2001). In another example, inducible expression of
dominant negative thyroid hormone receptor was used to
determine the developmental periods within which
thyroid hormone controls specific aspects of Xenopus
morphogenesis (Das and Brown, 2004). Inducible
expression used in this example also helped to
circumvent the severe developmental abnormalities and
death caused by expression of the dominant negative
receptor using conventional promoters. [0010]
Hormone-responsive transcriptional activators have
been used previously in ligandinducible strategies to
regulate target gene expression. For example, a
chimeric transactivator consisting of a mutated
progesterone receptor ligand-binding domain fused to
the HSV VP16 transactivation domain and the yeast GAL4
DNA-binding domain (DBD) has been shown to
transactivate UAS-controlled target genes only in the
presence of mifepristone/RU-486 (Wang et al., 1994). A
similar chimeric transactivator GLp65, which contains
the activation domain of the human p65 protein
(instead of VP16), has been used for inducible
expression of target genes in mammalian cells (Burcin
et al., 1999). Mifepristone-inducible GAL4/UAS-based
techniques have been successfully used in transgenic
mice (KeIlendonk et al., 1999; Ngan et al., 2002;
Pierson et al., 2000; Wang et al., 1997a; Zhao et al.,
2001), in Xenopus (Das and Brown, 2004) and in
Drosophila (Nicholson et al., 2008). Although the
Gal4/UAS system has been widely utilized previously,
some reports suggest that high level of GAL4
expression can be toxic and causes developmental
defects (Habets et al., 2003; Kramer and Staveley,
2003; Scott et al., 2007). [0011] One alternative to
GAL4/UAS-based systems is to use the DNA-binding
domain from the bacterial repressor LexA coupled with
the specific operator DNA fragment/s. Since the
structure of LexA DBD does not resemble those of
eukaryotic transcription factors (Oertel- Buchheit et
al., 1992), it is less likely to bind to the
m-elements of endogenous promoters. It 



was previously utilized in estradiol-inducible gene
expression systems, developed for use in transgenic
plants, since plants lack endogenous estrogen hormones
(Guo et al., 2003; Zuo et al., 2000). This expression
system caused no apparent toxicity in transgenic
plants. [0012] Although several chemical-inducible
systems have been developed for use in mammals and
mammalian cells, there has been only one recent
publication in zebrafish. In this report, a
tebufenozide-inducible system was tested in transient
assay (Esengil et al., 2007). It utilized a chimeric
transcription factor containing GAL4 DNA-binding and
dimerization domains, VP16 activation domain and
ecdysone receptor (EcR) ligand-binding domain.However,
this chemical-indudble system has not been used yet
for generation of true transgenic animals or for
generating driver/effector lines, so the efficacy of
this system is not clear. [0013] Thus, there is still
a need for new genetic systems that would make it
possible to effectively control transgene expression
by switching it on or off when required and to drive
the expression only in the desired tissues or cells.
SUMMARY OF THE INVENTION [0014] The present invention
generally provides a chemical-inducible system and to
methods of use in transgenic animals or in animal
cells. More specifically, the present invention
provides a chimeric transcription factor that binds to
a ligand and functions in ligand-dependent manner to
induce expression of genes of interest under the
control of a synthetic operator-promoter sequence. The
expression of genes of interest can be tightly
controlled by adding or removing the ligand. [0015]
Thus, in a first aspect, the present invention
provides a chimeric transcription factor (also
referred to herein as a transactivator) that comprises
a DNA binding domain of the bacterial LexA repressor
protein, a ligand binding domain of the human
progesterone receptor and an activation domain. In one
embodiment, the ligand binding domain is a truncated
ligand binding domain of the human progesterone
receptor. Truncated ligand binding domain corresponds
to amino acids 640-914 of the native hPR protein.
"Truncated" refers to C-terminal deletion of the 19
amino acid of the hPR-LBD (Wang et al., 1997b). In one
embodiment, the activation domain is the activation
domain of the p65 sbunit of human NF-kB (Burcin et
al., 1999). hi another embodiment, the activation
domain is the transactivation domain of the HSV virion
protein VPl 6. Other examples of activation domains
that may be used include, but are 



not limited to, activation domains of adenovirus ElA,
Epstein-Barr virus EBNA 2, yeast Gal4, mammalian SpI,
Octl and Oct2, and the like. The chimeric
transcription factor binds to a ligand, and functions
in a ligand-dependent manner to induce expression of a
gene of interest placed under the control of a
synthetic operator-promoter sequence that harbors LexA
binding sites. In one embodiment, the ligand is the
synthetic steroid mifepristone (RU 486). [0016] In a
second aspect, the present invention provides, a
transactivation construct containing the chimeric
transcription factor operatively linked to a promoter
or to a splice acceptor sequence. In one embodiment,
the transactivation construct containing the chimeric
transcription factor is operatively linked to a
promoter. In one embodiment, the promoter is one which
drives expression of the transactivator and is an
enhancer trap promoter hi oneembodiment, the enhancer
trap promoter is zebrafish keratin promoter (Parinov
et al. 2004). In another embodiment, the enhancer trap
promoter is any other eukaryotic promoter that
produces desirable trapping. Practically any
eukaryotic promoter is capable of responding to
enhancers (although with varying efficiency) and
therefore can be used as enhancer trap promoter.
Examples of promoters include, but are not limited to,
EFl a promoter, hsp, and the like (Balciunas et al.,
2004; Scott et al., 2007). In one embodiment, the
promoter is an organ specific promoter, or a tissue
specific promoter or a cell specific promoter (e.g.
GFAP, FIk-I, GATA-I, Rag2, and the like). In one
embodiment, the promoter is a developmentally
regulated promoter. Thus, in accordance with the
present invention any promoter can be used. The choice
of promoter depends on the experimental goal. In
another embodiment, the transactivation construct
containing the chimeric transcription factor is
operatively linked a splice acceptor sequence. Splice
acceptor sequences are well known to skilled artisans.
[0017] In a third aspect, the present invention
provides expression constructs for use in expressing
genes in transgenic animals or in cells of animals. In
one embodiment, the construct comprises a synthetic
operator-promoter operably linked to a gene (also
sometimes referred to as a coding sequence). In one
embodiment, the operator is a synthetic LexA operator
operatively linked to a promoter. In one embodiment,
the synthetic LexA operator is a CoIEl operator m
another embodiment, the LexA operator is a CoIEl
operator that is modified or changed to a different
sequence containing LexA binding sites (e.g., lexA,
recA operator sequences or consensus). In one
embodiment, the synthetic LexA operator contains one
or more, preferably 



two or more LexA binding sites. In another embodiment,
the number of the operator sequences or LexA binding
sites can be changed to optimize the performance, hi
one embodiment, the promoter is a minimal promoter.
The minimal promoter is used to minimize the
background expression in the absence of the
transactivator. However, the use of alternative
promoters in the expression construct is contemplated.
In one embodiment, the gene is a marker gene or a
reporter gene. In another embodiment, the gene is a
gene of interest, i.e., a gene which is desired to
express in a transgenic animal. In one embodiment, the
transgenic animal is a non-human transgenic animal. In
another embodiment, the transgenic animal is a
transgenic fish. In one embodiment, the animal cells
are non-human animal cells. In another embodiment, the
animal cells are human cells. In another embodiment,
this system can potentially be applied in nonanimal
cells and organisms, for example plant cells. [0018]
In a fourth aspect, the present invention provides a
system for expressing genes in transgenic animals or
in cells of animals h one embodiment, the system
comprises a LexAdriver construct and an effector (also
referred to herein as target) construct. The LexA
driver construct comprises the transactivation
construct. In another embodiment, the LexA driver
construct also includes a reporter and this construct
is also referred to herein as a LexA driverreporter
construct. The LexA driver-reporter construct
comprises the transactivation construct and expression
construct i which the gene is a marker gene or a
reporter gene. In one embodiment, the effector
construct comprises the expression construct in which
the gene is a gene of interest. In one embodiment, the
LexA driver construct and the effector construct are
in separate nucleic acid molecules. In another
embodiment, the LexA driver construct and the effector
construct are in the same nucleic acid molecule.
[0019] In a fifth aspect, the present invention
provides a method of expressing genes in transgenic
animals or in cells of animals. In one embodiment, the
method comprises preparing transgenic animals that
contain the LexA driver construct and the effector
construct. In one embodiment, a first transgenic
animal is prepared to contain the LexA driver
construct and a second transgenic animal is prepared
to contain the effector construct. Crossing the first
and second transgenic animals or their progeny create
a third transgenic animal containing both the LexA
driver construct and the effector construct. In
another embodiment, a transgenic animal is prepared
that contains the LexA driver construct and the
effector construct using a nucleic acid 



molecule that contains both constructs. In another
embodiment, the method comprises preparing cells of
animals that contain the LexA driver construct and the
effector construct. In accordance with this aspect of
the invention, the expression of the gene in the
transgenic animal or animal cell is controlled by the
addition of a ligand for the human progesterone
receptor. Expression of the gene can be switched on
and off by adding or removing the ligand. BRIEF
DESCRIPTION OFTHE FIGURES [0020] Figures IA and IB
show a schematic representation of the
mifepristone-inducible LexA-based gene expression
system. The LexPR driver-reporter binary cassette
contains two transcription units: the gene encoding a
chimeric LexPR transactivator (LexDBr>-PRLB1DD-p65AD)
under the control of an enhancer-trap promoter (PET)
and the EGFP reporter gene under the control of a
minimal promoter (miniP35S) fused to a synthetic LexA
operator. The effector cassette harbors a gene of
interest under the control of the minimal 35S promoter
fused to the synthetic LexA operator. To activate
transcription of the gene of interest the LexPR
transactivator has to be produced from a separate
driver cassette. The LexPR transactivator binds to the
LexA operator sequence to activate the transcription
of the downstream genes onlyin the presence of
mifepristone (RU 486). The cassettes are flanked by
czs-required sequences of Ds transposon (black
arrowheads) to facilitate generation of transgenic
lines. Fig. IA: A modular expression system utilizing
separate driver and effector cassettes. In double
transgenic fish carrying both cassettes, expression of
the gene of interest is activated in trans by the
LexPR transactivator produced from the driver
(driver-reporter) construct. Fig. IB: One cassette
system. The LexPR transactivator gene and a gene of
interest are cloned into the same Ds transposon vector
(driver-effector). Although, this binary cassette
lacks a reporter gene, it can be introduced directly
into the transgenic fish homozygous for a separate
reporter cassette. It is preferable to use a different
transposon system (e.g. Toll, indicated by white
arrowheads) for the reporter cassette to avoid the
unwanted activation hyAc transposase. [0021] Figure 2
shows a LexA-based mifepristone-inducible gene
expression system (LexPR-driver and reporter
construct). The DNA construct carries an open reading
frame for an artificial transcription factor
representing the fusion of a DNA binding domain from
the bacterial LexA protein, a truncated ligand binding
domain from the human progesterone receptor and an
activation domain from the human NF-kB/p65 protein
under short zebrafish keratin promoter; 



SV40 early polyadenilation sequences; nopaline
synthase terminator; synthetic LexA operator and EGFP
under minimal Cauliflower Mosaic Virus 35S promoter,
cloned in pBluescript SK(+) vector containing terminal
eis-required elements of the Ds transposon from maize
(Emelyanov et al., 2006). The keratin promoter and the
EGFP coding sequence are flanked by unique restriction
sites to allow single-step replacement with a promoter
of choice and a gene of interest respectively. [0022]
Figure 3 shows a LexA-Effector construct (target
construct). A DNA construct carries the ECFP gene
under the control of the zebrafish Crystallin beta B
promoter followed by the BGH polyadenilation sequence,
nopaline synthase terminator, synthetic LexA operator
and mCherry ORF under minimal Cauliflower Mosaic Virus
35S promoter, SV40 early polyadenilation sequence,
cloned into pBluescript SK(+) vector containing
terminal cfs-required sequences of the Ds transposon
from maize (Emelyanov et al., 2006). ECFP is a
noninducible selection marker for transgenesis ("blue
eyes"). The expression of mCherry is not induced by
mifepristone in transgenic lines carrying this
construct alone but can be induced in double lines
carrying the additional driver construct. The mCherry
coding sequence can be replaced with a sequence of
interest using flanking unique restriction sites.
[0023] Figures 4A-4D show EGFP expression patterns in
four independent LexPR driverreporter lines showing
different enhancer trap events. Expression of EGFP
reporter was inducedin transgenic F embryos by adding
mifepristone to the egg water at 1 mM final
concentration at 24 hours post fertilization onwards.
Images were captured at 96 hours post fertilization.
No EGFP fluorescence was detected in the control
populations of fish that were not treated with
mifepristone (not shown). Fig. 4A: Strong expression
in the cell layer at the bottom of the ear (possibly
sensory patches), at the olfactory bulb region (o&)
and in discrete cells of midbrain (head, dorsal view).
Fig. 4B: Strong expression in the diencephalon (d) and
cerebellum (c), lens and in discrete cells of the
tectum (t) and hindbrain (hb) (head, dorsal view).
Fig. 4C: Expression in the olfactory bulbs (head,
ventral view). Fig. 4D: Specific expression in a
subset of muscle cells in the somites (lateral view
above yolk extension). (0024} Figure 5 shows the
testing of the LexPR transcription control using
RT-PCR. RTPCR was performed on RNA extracted from
transgenic F2 embryos carrying the driver-reporter
construct using two pairs of primers to detect EGFP
(top panel) and LexPR transactivator 



(bottom panel) RNA products. Embryos (36 hpf) were
treated with i mM mifepristone for 12 hours (48hpf).
After that, the embryos were rinsed and transferred
into larger tanks without mifepristone. Six mRNA
samples were prepared and tested: 1) before induction
(36 hpf); 2) after 1-hour induction; 3) after 12-hours
induction; 4) 1 day after mifepristone withdrawal; 5)
5 days after mifepristone withdrawal; 6 wild type -
negative control. The PCR-conditions (number of
cycles) were optimized for detection of low quantities
of RNA target, not for quantitative comparison between
samples. Thus, there is in no visible product
downregulation at the lane 5 (5 days post withdrawal).
[0025] Figures 6A-6G show the rate of
mifepristone-induced activation of transcription. In
situ hybridization to detect LexPR RNA (Fig. 6A) and
EGFP RNA (Figs. 6B-6G). Fig. 6A: Expression pattern of
the LexPR transactivator RNA at 48 hpf. The strongest
expression is found in the cell layer at the bottom of
the otic capsule (possibly sensory patches) and at the
olfactory bulb region. The diffused expression in the
dorsal brain appears quite strong on the lateral view
due to specimen thickness, the expression is actually
weak as seen on the dorsal view. The 72 hpf LexPR
expression pattern is similar (image not shown). Figs.
6C-6G: EGFP reporter transcript 1 (Fig. 6C), 3 (Fig.
6D), 6 (Fig. 6E), 9 (Fig. 6F) and 24 (Fig. 6G) hours
after induction with 1 mM mifepristone (RU486) at 48
hpf stage onwards. No background EGFP transcript was
observed without mifepristone (Fig. 6B). The EGFP
fluorescence pattern of the transgenic driver-reporter
line used for this experiment is shown on Figure 4A.
[0026] Figure 7 shows that control of maternal
expression in the transgenic fish that harbor an
enhancer trap insertion of ArtS:LexPR/LexOP:EGFP
construct drives maternal expression ofLexPR
transactivator. A transgenic F female and a WT male
were placed in the crossing tank containing 1 mM
mifepristone approximately 12 hours before the
fertilization. All the F3 embryos showed maternal EGFP
expression (left panel). In contrast, the offspring of
the transgenic females untreated with mifepristone did
not express EGFP at the early stages (right panel).
The embryos are shown at 1, 4 and 8-cell stages.
[0027] Figures 8A-8C show the uniformity and
consistency of expression in double transgenic fish
that harbor a driver-reporter
promoter.-LexPR/LexOP-.EGFP and an effector
LexOP:mCherry/cry:ECFP constructs. Effector construct
contains permanent selection marker crysta!lin: CF
which produces cyan expression in the lens (thin
arrow) visible through the 



GFP filter set but not through the mCherry filter set.
For these figures, two different driverreporter lines
with the same promoter were crossed to the same
effector line. The / p;LexPR/LexOP:EGFP
driver-reporter construct harbors the LexPR
transactivator sequence under control of the gfap
(glial fibrillary acidic protein) promoter that
results in expression of the EGFP reporter in the
central nervous system. Fig. 8A (lateral view) and
Fig. 8C (dorsal view) shows several F2 fish from an
offspring of the the driver line #4 female and the
effector line # 1 male. Fig. 8B is a progeny of the
independent Driver line #6 crossed with the same
Effector line #1. There is strong expression in the
forebrain (arrowhead) and in the a few segments of the
hindbrain (large arrows). [0028] Figures 9A and 9B
show the same driver line as in Figures 8A-8C crossed
to two independent effector lines. The driver line
contains an enhancer trap insertion of Ar/S;
LexPR/LexOP:EGFP construct that results in expression
of the EGFP reporter in the forebrain (arrowhead) and
in the otic capsule (large arrow). Fig. 9A: shows
three different F2 fish randomly taken from an
offspring of the the Driver line #26 female and the
Effector line #2 male. Fig. 9B: progeny of the same
Driver line #26 crossed with the different Effector
line # 1. [0029] Figures 1OA-IOD show mosaic reporter
expression in the skin epithelia. Double transgenic
fish that harbor a driver and an effector
LexOP:mQierry/cry:ECFP construct insertions are shown.
The driver construct contains a promoter of the
keratin8 (krt8) gene that drives expression of LexPR
transactivator in the single layer of epithelial skin
cells of the same type. Shown are four F2 fish from
the same offspring. Although most epithelial cells
express both reporters, there is visible variation of
intensity between cells. There are also patches of
cells that express very week level of both reporters
(large arrow), that may reflect positional effects at
the driver insertion site or silencing of the LexPR
gene, the difference in drug permeability among the
cells of the same type or otherdifference between
these cells (age, stress etc) at the time of
induction. Fig- 1OA: Assembled image of the whole fish
produced by stitching several overlapped exposures.
[0030] Figures 11A and H B show driver-effector
toms-activation. Two independent driver lines with
different LexPR transactivator expression patterns
(shown on Figures 4A, 4D) were crossed with two
independent transgenic effector lines, which carried
mCherry gene under control of the LexOP. The hybrid F
embryos that were double transgenic for the driver and



effector cassettes were treated with 1 mM mifepristone
from 24 hpf onwards. Fig. 1IA: Strong expression is in
the cell layer at the bottom of the ear (possibly
sensory patches), at the olfactory bulb region and in
various neurons (head, dorsal view). Fig. 1IB:
Expression is detected in the specific subtype of
muscle cells (lateral view). Bottom panel is a
combined image showing both reporters EGFP and
mCherry: green indicates excess of EGFP fluorescence,
red - excess of mCherry fluorescence, yellow - similar
levels of mCherry and EGFP fluorescence (Notice that
these colors do not constitute true molar ratios
between the reporters). Although, most positive cells
express both reporters, there are cells that yield
brighter mCherry fluorescence than the EGFP and
vice-versa. mCherry fluorescence is not detected in
the effector lines containing only the effector
cassette upon treatment with mifepristone. No
background EGFP/mCherry fluorescence was detected in
the control populations of double transgenic fish that
were not treated with mifepristone (not shown). Images
were captured at 96 hours post fertilization. [0031]
Figures 12a-12g show the inducible expression of
EGFP-Kras V12 in transgenic zebrafish. Transgenic
zebrafish line harboring insertion of the binary
driver construct Ds(krt8:LPR-LOP:EGFP-Kras VI2)
containing EGFP-Kras v under control of the LexOP, F2
(Fig. 12a-12e, Fig. 12g). Fig. 12a: 24 hpf, no
induction. Fig. 12b-12c: 24 hpf; 1 mM mifepristone
treatment from 10 hpf onwards. GFP fluorescence can be
observed in the skin epithelia, the notochord sheath
(lateral view, Fig. 12b), in the forebrain (ventral
view, Fig. 12c), all of these organs are abnormal.
Fig. 12d: 4 dpf, 1 mM mifepristone treatment 10 hpf
onward, lateral view. Notochord, brain and cranial
skeleton are severally affected by the EGFP-KrasV12
expression. Skin epithelial cells lost epithelial cell
shape, became globular, formed clusters. Fig. 12e:
Transformation of the sheath cells surrounding the
notochord. The top and the middle panel shows the
notochord of 4 dpf fish treated with 1 mM mifepristone
from 10 hpf onwards. Bottom panel shows notochord of
the untreated control. Fig. 12f: Transgenic fish
harboring the unmodified driver-reporter construct
pDs(krt8:LPR-LOP:G4) containing EGFP gene under
control of the LexOP. 24 dpf, 1 mM mifepristone
treatment starting at 10 hpf, showing EGFP expression
in the skin epithelia. The skin cells have typical
epithelial shape and uniformly coverthe entire body.
Fig. 12g: 4 dpf, 1 mM mifepristone treatment 1 dpf
onward. Due to later induction there is much less
developmental abnormalities, but the phenotype of the
epithelial skin cells is pronounced. 



[0032] Figures 13a-13g show side effects caused by
strong early expression of GaWUASbased expression
systems. Fig. 13a: Strong expression of non-inducible
Gal4/UAS system in true transgenic fish at early
developmental stages (less than 24 hpf) caused serious
abnormalities that became evident later in
development. Figs. 13d-13f: Mifepristone-induced
Gal4/UAS expression caused less pronounced
developmental abnormalities compared to the
non-inducible system when induced before 24hpf. In
some transgenic fish the phenotypes were subtle (Fig.
13g) and some survived to maturity. Induction after
24hrf did not cause serious effects although sometimes
affected individual cell morphology. For both
non-inducible and inducible Gal4/UAS-based systems
severity of the phenotypes strongly correlated with
the intensity of reporter expression. Fig. 13a:
Developmental abnormalities in transgenic F fish
carrying a genomic insertion of the non-inducible
EF-GVP-UG cassette (Koster and Fraser, 2001), which
included 150-bp Xenopus EF-l a-promoter driving
Gal4-VP16 and the EGFP ORF under control of the 14-
mer of UAS Gal4-binding sites fused to the fish basal
promoter EIb. The cassette was cloned into the Tol2
transposable element (Kawakami et al., 2000) to
enhance the transgenesis. Transgenic Fi offspring from
8 positive founders harboring independent ToU
insertions was produced and analyzed, all showing very
strong EGFP expression and developmental
abnormalities. The extent of the abnormalities
correlated with the intensity of EGFP expression. In
the weakest expressing line the abnormalities became
visible only at 3 dpf, however none of the fish
survived to adulthood. Figs. 13b-13f: Treatment with 1
mM mifepristone in the growth water 10 hpf onwards.
Fig 13b: Control wild type fish. Fig. 13c: Transgenic
F embryos harboring the LexPR driver-reporter cassette
described in this manuscript. Expression of LexA
transactivator does not affect embryo development and
morphology of the EGFP-positive cells. Figs. 13d-13g:
Transgenic F2 fish (line SWD-G4) carrying the
Gal4/UAS-based mifepristoneinducible system described
by (Burcin et al., 1999). The cassette harbored a gene
for chimeric transcription factor consisting of Gal4
DNA binding domain, a truncated ligand binding domain
from the human progesterone receptor and an activation
domain of the human NF-kB protein under control of the
0.5 krt8 promoter (identical to the promoter used in
LexPR system described in this manuscript); and EGFP
gene under control of 6xGal4 upstream activating
sequences fused to the minimal adenovirus EIb
promoter. 



The cassette was packed into the D transposon vector
to induce effective transgenesis. Fig. 13f:Typical
phenotype developed in transgenic F2 fish (SWD-G4
line) following the induction with 1 mM mifepristone
at 10 hpf onwards. Fig. 13g: Transgenic F2 fish
(SWD-G4 line), which was induced early but showed weak
phenotype. Transgenic fish harboring Gal4/UAS-based
mifepristone-inducible system exhibited developmental
phepotypes only upon induction, suggesting that
inducible Gal4-based transactivator require
mifepristone binding to cause side effects. DETAILED
DESCRIPTION OF THE INVENTION [0033] The present
invention relates generally to chemical-inducible
system and to methods of use in transgenic animals or
in animal cells. More specifically, the present
invention relates to a chimeric transcription factor
that binds to a ligand and functions in
ligand-dependent manner to induce expression of genes
of interest under the control of a synthetic
operatorpromoter sequence. The expression of genes of
interest can be tightly controlled by adding or
removing the ligand. [0034] In the description which
follows, the aspects of the invention may be described
with reference to zebrafish for convenience only. It
is understood that other fish and other animals can be
used in place of zebrafish. [0035] Although GAL4-based
expression systems have been described in the art, we
have tested GAL4-based expression systems in
transgenic zebrafish and found that these systems
suffer from several side effects. Specifically, we
have tested a non-inducible (modified from Koster and
Fraser, 2001) GAL4-based expression system and a
chemical-inducible (modified from Burcin et al., 1999)
GAL4-based expression system in transgenic zebrafish.
We identified several side effects using these systems
including developmental abnormalities, irregular
expression levels and background expression. In view
of these side effects, it was desired to develop an
inducible system that did not suffer from such
effects. [0036] Thus, in one aspect, the present
invention provides an inducible system for chemically
regulated expression of genes in transgenic animals or
in cells of animals, including, but not limited to
fish such as zebrafish. The key element of this system
is a hybrid transcription factor (transactivator) that
represents a protein fusion of a DNA binding domain
from the bacterial LexA protein, a ligand binding
domain from the human progesterone receptor and an
activation 



domain. In the presence of a ligand for the
progesterone receptor, the transactivator activates
the transcription of target genes controlled by a
synthetic operator-promoter that contains LexA binding
sites. The expression of the target gene can be
tightly controlled by adding or removingthe ligand. In
one embodiment, the ligand binding domain is a
truncated ligand binding domain of the human
progesterone receptor. In another embodiment, the
ligand is mifepristone (RU 486), a progesterone
antagonist. This hybrid transcription factor (LexPR
transactivator) binds to the synthetic steroid,
mifepristone (RU-486), and functions in a
ligand-dependent manner to induce expression of the
gene(s) placed under the control of a synthetic
operator-promoter sequence that harbors LexA binding
sites. Transgene expression is strictly controlled and
can be induced at any stage of the life cycle through
administration of mifepristone. Thus, the present
invention provides a controlled reversible (i.e.,
switch on and off) expression of target genes in a
transgenic animal or in a cell of an animal. [0037]
The activation domain is selected to activate the
transcription from the target promoter. Any activation
domain, which permits activation of gene transcription
through protein-protein interactions with the
components of the RNA polymerase II transcription
complex or with the other proteins involved in
initiation and stimulation of transcription, can be
used in the present invention. In one embodiment, the
activation domain is from the human p65 protein, a
component of the NF-kB, also referred to herein as the
NF-kB/p65 protein. In a second embodiment, the
activation domain is the transactivation domain of the
HSV virion protein VP16. Other examples of activation
domains that may be used include, but are not limited
to, activation domains of adenovirus ElA, Epstein-Barr
virus EBNA 2, yeast Gal4, mammalian SpI, Octl and
Oct2, and the like. [0038] In a second aspect, the
present invention provides, a transactivation
construct containing the chimeric transcription factor
operatively linked to a promoter or to a splice
acceptor sequence. As defined herein, a nucleotide
sequence is "operably linked" to another nucleotide
sequence when it is placed in a functional
relationship with another nucleotide sequence. For
example, if a coding sequence is operably linked to a
promoter sequence, this generally means that the
promoter may promote transcription of the coding
sequence. Operably linked means that the DNA sequences
being linked are typically contiguous and, where
necessary join two protein coding regions, contiguous
and in reading frame. Since enhancers 



may function when separated from the promoter by
several kilobases and intron sequences may be of
variable lengths, some nucleotide sequences may be
operably linked but not contiguous. [0039] In one
embodiment, the transactivation construct containing
the chimeric transcription factor is operatively
linked to a promoter. In one embodiment, the promoter
is one which drives expression of the transactivator
and is an enhancer trap promoter. In one embodiment,
the enhancer trap promoter is zebrafish keratm8
promoter (Parinov et al., 2004). In anotherembodiment,
the enhancer trap promoter is any other eukaryotic
promoter that produces desirable trapping. Practically
any eukaryotic promoter is capable of responding to
enhancers with varying efficiency and therefore can be
used as enhancer trap promoter. Examples of promoters
include, but are not limited to, EFl a promoter, hsp,
and the like (Balciunas et al., 2004; Scott et al.,
2007). In another embodiment, the promoter is an organ
specific promoter, or a tissue specific promoter or a
cell specific promoter (e.g. GFAP, FIk-I, GATA-I,
Rag2, and the like), ubiquitous, constitutive or
developmentally regulated promoter. Thus, in
accordance with the present invention any promoter can
be used. The choice of promoter depends on the
experimental goal and is readily selected by a skilled
artisan. [0040] In another embodiment, the
transactivation construct containing the chimeric
transcription factor is operatively linked to a splice
acceptor sequence. This produces so called gene trap
systems (Stanford et al., 2001; Skarnes et al., 1992).
Splice acceptor sequences are well known to the
skilled artisan, and any suitable splice acceptor
sequence can be used in accordance with the present
invention. [0041] In a third aspect, the present
invention provides expression constructs for use in
expressing genes in transgenic animals or in cells of
animals. In one embodiment, the construct comprises a
synthetic operator-promoter operably linked to a gene
(also sometimes referred to as a coding sequence). In
one embodiment, the operator is a synthetic LexA
operator operatively linked to a promoter. In one
embodiment, the synthetic LexA operator is a CoIEl
operator. In another embodiment, the LexA operator is
a CoIEl operator that is modified or changed to a
different sequence containing LexA binding sites
(e.g., lexA, recA operator sequences or consensus). In
one embodiment, the synthetic LexA operator contains
one or more, preferably two or more LexA binding
sites. In another embodiment, the number of the
operator sequences or LexA binding sites can be
changed to optimize the performance. 



[0042] In the expression construct, the promoter may
be any promoter that can be used in combination with
the operator to drive controlled expression of the
gene. In one embodiment, the promoter is a minimal
promoter. Any minimal promoter from any source can be
used in accordance with the present invention,
including minimal promoters from viruses, bacteria,
yeast, fungi, animals and plants. Minimal promoters
are well known in the art and several are described in
U.S. patent application publication numbers
2007/0009487 and 2006/0242717. Examples of minimal
promoters that can be used in accordance with the
present invention include, but are not limited to EIb
minimal promoter, CMV minimal promoter, SV40 minimal
promoter, Hsp70 minimal promoter, human alkaline
phosphatases minimal promoter and thelike. The minimal
promoter is used to minimize the background expression
in the absence of the transactivator. However, the use
of alternative promoters in the expression construct
is contemplated and its choice is within the skill in
the art. [0043] The gene in the expression construct
may be any gene that is desired to be expressed in the
transgenic animal or in a cell of an animal. In one
embodiment, the gene is a marker gene or a reporter
gene. As used herein, a reporter protein is any
protein that can be specifically detected when
expressed. Many reporter proteins are known and have
been used for similar purposes in other organisms.
These include enzymes, such as b-galactosidase,
luciferase, and alkaline phosphatase, that can produce
specific detectable products, and proteins that can be
directly detected. Virtually any protein can be
directly detected by using, for example, specific
antibodies to the protein. [0044] The use of reporter
proteins that are directly detectable without
requiring the addition of exogenous factors are
preferred for detecting or assessing gene expression
during zebrafish embryonic development. A transgenic
zebrafish embryo, carrying a construct encoding a
reporter protein and a tissue-specific expression
sequences, can provide a rapid real time in vivo
system for analyzing spatial and temporal expression
patterns of developmentally regulated genes. [0045] In
a preferred embodiment, the reporter gene is a
fluorescent protein gene (e.g., EGFP, GFP, RFP, BFP3
YFP, or dsRED2) or a luciferase protein gene. In a
most preferred embodiment, the marker is enhanced
green fluorescent protein (EGFP) (Zhang et al., 1996).
EGFP is preferred because of the high sensitivity of
the reporter protein. The present invention 



is in no way limited to the preferred markers or
reporters. Many additional reporter proteins are known
and have been used for similar purposes. These include
enzymes, such as b- galactosidase, luciferase,
chloramphenicol acyltransferase, b-glucuronidase and
alkaline phosphatase, that can produce specific
detectable products, and proteins that can be directly
detected. Virtually any protein can be directly
detected by using, for example, specific antibodies to
the protein. Any reporter which can be readily
detected may be used in place of the EGFP. Additional
markers (and associated antibiotics) that are suitable
for either positive or negative selection of
eukaryotic cells are disclosed, inter alia, in
Sambrook and Russell (2001), Molecular Cloning, 3rd
Ed., Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, New York, and Ausubel et al. (1992), Current
Protocols in Molecular Biology, John Wiley & Sons,
including periodic updates. Any of the disclosed
markers, as well as others known in the art, may be
used to practice the present invention.[0046] In
another embodiment, the gene is a "gene of interest,"
i.e., a gene which is desired to express in a
transgenic animal. Absolutely any gene can b e chosen
depending on experimental goals and is well within the
skill in the art. For example, in cancer research,
oncogenes such as Ras, Myc and the like can b e
selected. The "gene of interest" is not limited to the
natural genes or coding sequences. It can b e any
nucleic acid sequence coding or noncoding which is
desired to express in transgenic animal. For example,
the RNA transcribed from the "gene of interest" can
regulate expression of the target genes through
antisense suppression, RJMA interference (RNAi) or
microRNAs (miRNAs) (Harmon and Rossi J, 2004; Ruvkun,
2001). [0047] Although an expression construct can b e
made up of any nucleic acid sequences, for use in the
disclosed transgenic animals it is preferred that the
expression constructs combine expression sequences
operably linked to a sequence encoding an expression
product The expression construct also preferably
includes other components that aid expression,
stability or integration of the construct into the
genome of an animal. As used herein, components of an
expression construct referred to as being operably
linked or operatively linked refer to components being
so connected as to allow them to function together for
their intended purpose. For example, a promoter and a
coding region are operably linked if the promoter can
function to result in transcription of the coding
region. 



[0048] In one aspect, an expression construct
containing the gene is prepared to include expression
sequences. The expression sequences are used to
mediate expression of an expression product encoded by
the construct. As used herein, expression sequences
include the synthetic operator-promoter described
herein, upstream elements, enhancers, and response
elements. It is preferred that the expression
sequences used in the disclosed constructs be
homologous expression sequences. As used herein, in
reference to components of expression constructs used
in a transgenic animal, homologous indicates that the
component is native to or derived from the species or
type of animal involved. Conversely, heterologous
indicates that the component is neither native to nor
derived from the species or type of animal involved.
[0049] As used herein, expression sequences are
divided into two main classes, promoters and
enhancers. A promoter is generally a sequence or
sequences of DNA that function when in a relatively
fixed location in regard to the transcription start
site. A promoter contains core elements required for
basic interaction of RNA polymerase and transcription
factors, and may contain upstream elements and
response elements. Enhancer generally refers to a
sequence of DNA that functions at no fixed distance
from the transcription start site and can be in
eitherorientation. Enhancers function to increase
transcription from nearby promoters. Enhancers also
often contain response elements that mediate the
regulation of transcription. Promoters can also
contain response elements that mediate the regulation
of transcription. [0050] The disclosed expression
constructs preferably include other sequences which
improve expression from, or stability of, the
construct. For example, including a polyadenylation
signal on the constructs encoding a protein ensures
that transcripts from the transgene is processed and
transported as mRNA. The identification and use of
polyadenylation signals in expression constructs is
well established. It is preferred that homologous
polyadenylation signals be used in the transgene
constructs. However, heterologous polyadenylation
signals or terminators, including polyadenylation
signals and terminators from plants, can be used in
making the expression constructs for use in animals.
[0051] The disclosed constructs and methods can be
used with any type of animal or animal cell. In one
embodiment, the transgenic animal is a non-human
transgenic animal. In another embodiment, the
transgenic animal is a transgenic fish. In one
embodiment, the animal cells are non-human animal
cells. In another embodiment, the animal cells are
human cells. As used 



herein, fish refers to any member of the classes
collectively referred to as Pisces. It is preferred
that fish belonging to species and varieties of fish
of commercial or scientific interest be used. Such
fish include, but are not limited to, salmon, trout,
tuna, halibut, catfish, zebrafish, rnedaka, carp,
tilapia, goldfish, and loach. Furthermore, most
elements of these constructs have been previously
apph'ed in very distant hosts: bacterial LexA DNA
binding domain and operator were utilized in plants,
invertebrates and in vertebrate cell cultures
(Nettelbeck et al., 1998; Szuts and Bienz, 2000; Zuo
et al., 2000); the hormone binding domain of human
progesterone receptor (hPR-LBD) was explored in yeast
(Vegeto et al., 1992); NF-kB/p65 activation domain was
shown to activate transcription in yeast (Moore et al.
1993); maize Ac/Ds transposable elements performed
well in plants, fungi and animal kingdoms (Emelyanov
et al., 2006); 35S CaMV plant virus rninimal promoter
and Agrobacterium Nos terminator were used in plants
(Zuo et al., 2000); EGFP, mCherry and ECFP performed
well in all tested organisms; zebrafish krt8 promoter
was active in human and mouse cell cultures. These
results implicate the use of these systems and
constructs in a wider range of hosts (from amphibians
to mammals, and possibly in invertebrates, fungi and
plants). [0052] The most preferred fish for use with
the disclosed constructs and methods is zebrafish,
Danio re o. Zebrafish are an increasingly popular
experimental animal since they have many of the
advantages of popular invertebrate experimental
organisms, and include the additionaladvantage that
they are vertebrates. Another significant advantage of
zebraflsh is that, like Caenothabditis, they are
largely transparent (Kimmel, 1989). General zebrafish
care and maintenance are described by Streisinger
(1984) and Westerfield (2000). [0053] Zebrafish
embryos are easily accessible and nearly transparent.
Given these characteristics, a transgenic zebrafish
embryo, carrying a construct encoding a reporter
protein and tissue-specific expression sequences, can
provide a rapid real time in vivo system for analyzing
spatial and temporal expression patterns of
developmentally regulated genes. In addition,
embryonic development of the zebrafish is extremely
rapid. In 24 hours an embryo develops rudiments of all
the major organs, including a functional heart and
circulating blood cells (Kimmel, 1989). Other fish
with some or all of the same desirable characteristics
are also preferred. [0054] In addition to fish, the
disclosed constructs and methods can be used with
other 



animals such as mice, rats, pigs, goats, livestock,
birds, amphibians and insects. Techniques for
preparing transgenic animals are well known in the art
as illustrated herein. [0055] As described in more
detail herein, the present invention is directed to a
system for chemically regulated transcription. In one
embodiment, this system consists of two basic
elements: a chimeric transcription factor and a
czs-acting operator-promoter sequence containing
binding sites for this transcription factor (Figures
IA and IB). The transcription factor (LexPR
transactivator) is a fusion of the DNA binding domain
of the bacterial LexA protein (residues 1- 87) (Horii
et al., 1981; Miki et al., 1981), the truncated ligand
binding domain of the human progesterone receptor
(residues 640-914) and the activation domain of the
human p65 (residues 283-551) (Burcin et al., 1999)
(Lex PR -pS ; Figure 2 and the Examples herein). The
operator-promoter sequence (LexOP) consists of a
synthetic LexA operator (containing four CoIEl
operator sequences (Ebina et al., 1983)) fused to a
minimal 35S promoter from Cauliflower Mosaic Virus
(Zuo et al., 2000) (Figures IA, IB, 2 and 3). The
LexPR transactivator binds to the operator and induces
the transcription of the gene of interest placed under
control of LexOP only upon binding of the progesterone
antagonist, mifepristone (commonly known as RU-486),
to the progesterone receptor LBD. The actual sequence
of events leading to transcription activation is
unclear. [0056] Two strategies for using this system
are outlined on Figures IA and IB. The most versatile
scheme involves generation of two separate transgenic
lines: a driver line expressing the LexPR
transactivator and an "effector" or "target" line
carrying a gene of interest under the control of the
LexOP (Figure IA). Crossing a driver with an effector
line generates doubletransgenic offspring capable of
expressing the gene of interest in specific tissues
upon stimulation by mifepristone. This strategy allows
combinational experiments: the same driver line can be
used to express various genes into the same cells and
conversely, the same effector line can be crossed to
various drivers to express gene of interest in
different cell or tissue types. Furthermore, large
number of driver lines with various expression
patterns can be easily generated using enhancer- or
gene-trap strategies (Parinov et al., 2004; Scott et
al., 2007). The effector cassette (LexOP:gene of
interest) can also be placed together with the LexPR
transactivator gene into the same vector construct
(Figure IB). This allows straightforward generation of
Fi transgenic fish capable of inducible expression of
a gene of interest in just one 



generation. This strategy is particularly appropriate
when working with a single gene of interest and a
suitable promoter. It is also easier to manipulate and
maintain the fish carrying the transgene in a single
locus. [0057] As described in further detail herein,
in order to test the LexPR expression system, a
"driver-reporter" construct pDs(krt8:LPR-LOP:G4) was
generated. This construct contained two components:
the LexPR transactivator coding sequence under the
0.5-kb keratin promoter and an EGFP reporter gene
under the control of the LexOP sequence (Figure IA,
Example 2). The 0.5-kb keratind promoter drives
expression in skin epithelia but it frequently
generates various enhancer-trap expression patterns
depending on the surrounding genomic environment
(Parinov et al., 2004). This allows screening for
enhancer-trap driver lines expressing LexPR
transactivator in different cells and tissues. The
pDs(krt8:LPR-LOP:G4) also contains the D czs-required
sequences to facilitate generation of transgenic lines
and random insertion screenings (Emelyanov et al.,
2006). [0058] Thus, in accordance with the present
invention, a system for expressing genes in transgenic
animals or in cells of animals is provided. In one
embodiment, the system comprises a LexA driver
construct and an effector (also referred to herein as
target) construct. The LexA driver construct comprises
the transactivation construct. In another embodiment,
the LexA driver construct also includes a reporter and
this construct is also referred to herein as a LexA
driver-reporter construct. The LexA driver-reporter
construct comprises the transactivation construct and
expression construct in which the gene is a marker
gene or a reporter gene. In one embodiment, the
effector construct comprises the expression construct
in which the gene is a gene of interest. In one
embodiment, the LexA driver construct and the effector
construct are in separate nucleic acid molecules. In
another embodiment, the LexA driver construct and the
effector construct are in the same nucleic acid
molecule.[0059] In a further aspect, the present
invention provides a method of expressing genes in
transgenic animals or in cells of animals. In one
embodiment, the method comprises preparing transgenic
animals that contain the LexA driver construct and the
effector construct. In one embodiment, a first
transgenic animal is prepared to contain the LexA
driver construct and a second transgenic animal is
prepared to contain the effector construct. Crossing
the first and second transgenic animals or their
progeny create a third transgenic animal containing
both the 



LexA driver construct and the effector construct. In
another embodiment, a transgenic animal is prepared
that contains the LexA driver construct and the
effector construct using a nucleic acid molecule that
contains both constructs. In another embodiment, the
method comprises preparing cells of animals that
contain the LexA driver construct and the effector
construct. In accordance with this aspect of the
invention, the expression of the gene in the
transgenic animal or animal cell is controlled by the
addition of a ligand for the human progesterone
receptor. Expression of the gene can be switched on
and off by adding or removing the ligand. In a
preferred embodiment, the ligand is mifepristone.
[0060] Transgenic fish are prepared using the
constructs described herein. In one embodiment, a
method includes introducing the nucleic acid, i.e.,
construct or vector described herein, into a
fertilized fish egg (i.e., including a fish embryo) or
an unfertilized fish egg nucleic acid. When a
fertilized fish egg is used, the method includes
developing the fish embryo into a transgenic fish.
When the nucleic acid is introduced into a
non-fertilized egg, the method includes fertilizing
the egg and developing the fish embryo into a
transgenic fish. The nucleic acid may be introduced
into the egg by a variety of methods known to the art,
including mechanical methods, chemical methods,
lipophilic metihods, retroviral infection methods, and
electroporation. Exemplary mechanical methods include,
for example, microinjection. Exemplary chemical
methods include, for example, use of calcium phosphate
or DEAE-Dextran. Exemplary lipophilic methods include
use of liposomes and other cationic agents for
lipidmediated transfection. Such methods are generally
well known to the art and many of such methods are
described in, for example, Gene Transfer Methods:
Introducing DNA into Living Cells and Organisms, (P.
A. Norton and L. F. Steel, eds., Biotechniques Press,
2000); and Current Protocols in Molecular Biology
(Ausubel et al., eds., John Wiley & Sons).
Microinjection techniques involving fish are further
more fully described in, for example, Chen and Powers
(1990) and Fletcher and Davis (1991). Electroporation
techniques involving fish are further more fully
described in, for example, Powers et al. (1992) and Lu
et al. (1992).Techniques for introducing DNA into fish
eggs or embryos by infection with retroviral vectors,
such as pantropic retroviral vectors, are further
described in, for example, Burns et al. (1993). [0061]
The vector or other nucleic acid comprising the
transgene may be introduced into an unfertilized egg
or a fertilized egg at a desired stage of development.
Multiple vectors, each 



encoding different transgenes as described herein may
be used. When using a fertilized egg, or embryo, it is
preferred to introduce the nucleic acid into the
embryo (i.e., at the one-cell stage of development).
However, the nucleic acid may also be administered at
later stages of development, including the two-cell
stage, four-cell stage, etc. Therefore, the nucleic
acid may be introduced into the morula, blastula, etc.
At least one isolated nucleic acid molecule
incorporating the above-described transgenic construct
is introduced into the zygote. Additionally, when the
nucleic acid is introduced into an egg at later stages
of development, at least one isolated nucleic acid
molecule incorporating the above-described transgenic
construct is introduced into at least one cell of the,
for example, morula, blastula, etc. [0062] Fish eggs
may be obtained from the appropriate fish by standard
methods. Many of the fish may be purchased
commercially from, for example, pet stores. Fertilized
eggs may be obtained by methods known to the art. For
example, a desired number of appropriately aged fish,
such as about three to about twelve month old fish,
with a desired ratio of females to males (such as
about 2:1) may be placed in an appropriately sized
container, such as a tank. Eggs may be collected by,
for example, placing the fish in a nuptial chamber in
the tank for an appropriate time after mating, such as
about 10 to 60 minutes. Such methods are described in,
for example, Gulp et al. (1991). Alternatively, fish
eggs may be artificially fertilized by methods known
to the skilled artisan. One skilled in the art is
familiar with other methods of obtaining such
fertilized fish eggs. [0063] After introducing the
nucleic acid construct into the fish egg or embryo,
the fish egg or embryo is provided with an environment
conducive to development into an adult fish. Such an
environment may include, for example, growth at 28.5
C. in E3 egg water for 15 days followed by
introduction into circulating system water by day 16
(Westerfield, 2000). [0064] Fish harboring a transgene
can be identified by any suitable means. The use of
reporter proteins that, like fluorescent proteins
(such as EGFP, GFP, RFP, BFP, YFP, or dsRED2), are
directly detectable without requiring the addition of
exogenous factors are preferred for detecting or
assessing gene expression during zebrafish embryonic
development. A transgenic zebrafish embryo, carrying a
construct encoding a reporter protein can provide a
rapid real time in vivo system for analyzing spatial
and temporal expression patterns ofdevelopmentally
regulated genes. Alternatively, the genome of
potential transgenic fish can be 



probed for the presence of construct sequences. To
identify transgenic fish actually expressing the
transgene, the presence of an expression product can
be assayed. Several techniques for such identification
are known and used for transgenic animals and most can
be applied to transgenic fish. Probing of potential or
actual transgenic fish for nucleic acid sequences
present in or characteristic of a transgene construct
is preferably accomplished by Southern or Northern
blotting. Also preferred is detection using polymerase
chain reaction (PCR) or other sequencespecific nucleic
acid amplification techniques. {0065] The transgene
may b e included in a vector for delivery. A vector,
as used herein and as known in the art, refers to a
nucleic acid construct that includes genetic material
designed to direct transformation (i.e., the process
whereby genetic material of an individual cell is
altered by incorporation of exogenous DNA into its
genome) of a targeted cell. A vector may contain
multiple genetic elements positionally and
sequentially oriented, i.e., operably linked with
other necessary or desired elements such that the
nucleic acid in a cassette can be transcribed and, if
desired, translated in the microinjected, single-cell
fertilized embryo. [0066] Recombinant expression
vectors may be constructed by incorporating the
aboverecited nucleotide sequences within a vector
according to methods well known to the skilled artisan
and as described, for example, in references cited
herein. A wide variety of vectors are known that have
use in the invention. Suitable vectors include plasmid
vectors, viral vectors, including retrovirus vectors
(e.g., see Miller et al., 1993), adenovirus vectors
(e.g., see Erzurum et al., 1993; Zabner et al., 1994;
Davidson et al., 1993) adeno-associated virus vectors
(e.g., see Flotte et al., 1993), herpesvirus vectors
(e.g., see Anderson et al., 1993), and lentivirus
vectors (e.g., see Lever, 2000). [0067] Identifying
the pattern of expression in the disclosed transgenic
fish can be accomplished by measuring or identifying
expression of the transgene in different tissues
(tissue-specific expression), at different times
during development (developmentally regulated
expression or developmental stage-specific
expression), in different cell lineages (cell
lineagespecific expression). These assessments can
also be combined by, for example, measuring expression
(and observing changes, if any) in a cell lineage
during development. The nature of the expression
product to be detected can have an effect on the
suitability of some of these 



analyses. On one level, different tissues of a fish
can be dissected and expression can be assayed in the
separate tissue samples. Such an assessment can be
performed when using almost any expression product.
This technique is commonly used in transgenic animals
and is useful forassessing tissue-specific expression.
Expression can be determined biochemically,
en2ymatically, phenotypicallly or in a model fish.
[0068] Although the preparation of transgenic animals
has been illustrated by transgenic zebrafish.,
techniques are well known in the art for preparing
transgenic animals of other species. These include,
but are not limited to, animals (U.S. patent Nos.
7,138,562 and 6,872,868), mice (U.S. patent Nos.
7,220,892 and 7,041,869 and U.S. patent application
publication No. 2007/0118915), rats (U.S. patent No.
6,576,811 and U.S. patent application publication No.
2007/0044162), pigs (U.S. patent Nos. 7,115,796 and
6,639,122 and U.S. patent application publication No.
2005/0268347), livestock (U.S. patent No. 7,199,281),
birds (U.S. patent application publication Nos.
2007/0113299 and 2004/0172666), amphibian (U.S. patent
application publication No. 2007/0107072), (drosophila
(U.S. patent No. 6,943,278) and flies (U.S. patent
application publication No. 2005/0132423). A general
methods for preparing transgenic animals is also
disclosed in U.S. patent application publication No.
2006/0031952. [0069] To illustrate the present
invention, we have generated constructs carrying
driver and effector cassettes. Both constructs contain
the Ds cis-required sequences to facilitate generation
of transgenic lines carrying these functional
cassettes in their genome. The use of the Ds
cisrequired sequences has been described in Emelyanov
et al., 2006 and in PCT published application No. WO
2006/124001. The driver ("driver-reporter") cassette
consists of two components: the gene for a
transactivator under a short keratin promoter and an
EGFP reporter gene under control of a minimal promoter
fused with synthetic LexA operator (Figures 1A-1B and
3A-3C). The short kemtin8 promoter is an efficient
enhancer trap promoter that can produce various
tissue-specific expression patterns depending on the
genomic environment (Parinov et al., 2004). The EGFP
reporter is expressed only in the cells that express
transactivator and conveniently marks these cells. The
reporter expression can be used to screen for driver
lines with distinct transactivator expression patterns
created due to enhancer trap effect on the keratin
promoter. The effector construct DNA construct harbors
an ORF for red fluorescent protein mCherry under a
minimal Cauliflower Mosaic Virus 35S promoter fused to
a 



LexA operator. It also harbors ECFP under the control
of the zebrafish Crystallin beta B promoter used as an
additional marker to select transgenic lines (Example
3). [0070] We have experimentally demonstrated several
important capabilities of this system. Using this
system gene expression can be switched on and off by
adding and removing the ligand, e.g., adding or
removing mifepristone in the growth water for
transgenic zebrafish. The system allows stringent
control of expression: no reprter gene expression was
detected withouttreatment with the ligand, e.g.,
mifepristone. Inducible expression of the chimeric
transactivator causes no side effects in transgenic
animals, e.g., zebrafish, even when the ligand, e.g.,
mifepristone, is added at early developmental stages.
Only small amounts of the ligand, e.g., mifepristone,
is required for induction. This system allows
generating driver lines capable of transactivating the
expression of the effector/target carrying a gene of
interest. [0071] Modifications can be made to the
system in accordance with the present invention. For
example, transgenic animals with various patterns of
expression of the chimeric transcription factor
("driver" lines) can be generated using various
promoters, and promoter-, gene- and enhancer-trap
strategies, and the like (Parinov et al., 2004;
Stanford et al., 2001). For example, in case of
gene-trap strategy a splice acceptor sequence instead
of a promoter is used to drive the transcription of
the hybrid transcription factor (Stanford et al.,
2001). In addition, the sequence of the hybrid
transcription factor can be further modified in order
to improve the efficiency or for special purposes. For
example: activation domain from the human NF-kB can be
replaces with alternative domains (e.g. the
transactivation domain of the HSV virion protein VPl
6). Also, the CaMV 35S basic promoter that is used in
the Examples can be modified or changed to a different
promoter. Furthermore, the sequence of CoIEl operator
that we used can be modified or changed to a different
sequence containing LexA binding sites (e.g. lexA,
recA operator sequences or consensus). The number of
the operator sequences or LexA binding sites can also
be changed in order to optimize the performance.
Finally, different promoters can be used instead of
keratin8 promoter to drive tissue expression of
transactivator and for enhancer trapping. 10072] As
described herein, the present invention provides a
genetic system that can be used to control transgene
expression by switching it on or off when required,
i.e., the present invention provides a controlled
reversible expression of genes. Moreover, the present
invention 



provides a genetic system that can be used to drive
the expression only in the desired tissues or cells.
Thus, the present invention can be used to produce
transgenic animals with tightly controlled and
inducible expression of genes which can be tissue- or
cell-specific. Also, the present invention can be used
to induce the expression of genes in transgenic
animals or in specific tissues or cells of transgenic
animals or cells of animals. In addition, the present
invention can be used to generate transgenic driver
lines for inducible expression of genes, including
tissue- or cell-specific expression, in transgenic
animals. The transgenic animals prepared in accordance
with the present invention have the constructs
described herein stably incorporated into their
genome.[0073] The practice of the present invention
employs, unless otherwise indicated, conventional
techniques of chemistry, molecular biology,
microbiology, recombinant DNA, genetics, immunology,
cell biology, cell culture and transgenic biology,
which are within the skill of the art. See, e.g.,
Maniatis et al, 1982, Molecular Cloning (Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, New
York); Sambrook et al, 1989, Molecular Cloning, 2nd
Ed. (Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, New York); Sambrook and Russell, 2001,
Molecular Cloning, 3rd Ed. (Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, New York);
Ausubel et al, 1992), Current Protocols in Molecular
Biology (John Wiley & Sons, including periodic
updates); Glover, 1985, DNA Cloning (IRL Press,
Oxford); Russell, 1984, Molecular biology of plants: a
laboratory course manual (Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, N.Y.); Anand,
Techniquesfor the Analysis of Complex Genomes,
(Academic Press, New York, 1992); Guthrie and Fink,
Guide to Yeast Genetics and Molecular Biology
(Academic Press, New York, 1991); Harlow and Lane,
1988, Antibodies, (Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, New York); Nucleic Acid
Hybridization (B. D. Hames & S. J. Higgins eds. 1984);
TranscriptionAnd Translation (B. D. Hames & S. J.
Higgins eds. 1984); Culture Of Animal Cells (R. I.
Freshney, Alan R. Liss, Inc., 1987); Immobilized Cells
And Enzymes (IRL Press, 1986); B. Perbal, A Practical
Guide To Molecular Cloning (1984); the treatise,
Methods In Enzymology (Academic Press, Inc., N.Y.);
Methods In Enzymology, VoIs. 154 and 155 (Wu et al.
eds.), Immunochemical Methods In Cell And Molecular
Biology (Mayer and Walker, eds., Academic Press,
London, 1987); Handbook Of Experimental Immunology,
Volumes I-IV (D. M. Weir and C. C. Blackwell, eds.,
1986); Riott, 



Essential Immunology, 6th Edition, Blackwell
Scientific Publications, Oxford, 1988; Hogan et al.,
Manipulating the Mouse Embryo, (Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, N.Y., 1986);
Westerfield, M., The zebrafish book A guide for the
laboratory use of zebrafish (Danio rerio), (4th Ed.,
Univ. of Oregon Press, Eugene, 2000). EXAMPLES [0074]
The present invention is described by reference to the
following Examples, which are offered by way of
illustration and are not intended to limit the
invention in any manner. Standard techniques well
known in the art or the techniques specifically
described below were utilized.EXAMPLE 1 Materials and
Methods [0075] Fish: Zebrafish were maintained
according to established protocols (Westerfield,
1995). [0076] Generating transgenic fish using AdDs
transposon system: Transgenic fish carrying insertions
of the driver and effector constructs containing Ds
ds-required sequences (as described herein) were
generated as previously described (Emelyanov et al.,
2006). 5-10 pg of plasmid DNA was co-injected into
zebrafish embryos (yolk center) with 25-50 pg of in
vitro synthesized transposase mRNA at the 1-2-cell
stage. The injected fish were raised and outcrossed to
the wild type, and the resulting embryos were screened
for the mifepristone-induced EGFP expression
(driver-reporter lines) or for stable ECFP expression
in the lens (effector lines). For screening of the
driver lines, mifepristone was added to the growth
water at 1 mM final concentration at 24 hpf, and GFP
expressing Fi embryos were selected and raised. Only
the lines that segregated as a single locus (produced
1:1 ratio when outcrossed to nontransgenic fish) were
selected. Similarly, the effector lines which showed
1:1 segregation of cry:ECFP marker (cyan expression in
the lens) were selected. We did not ascertain copy
number but only used the lines that segregated as a
single locus. These lines may contain several closely
linked copies of the constructs, however, it does not
complicate line maintenance or expression analysis.
[0077] RT-PCR: RNA was isolated with RNAEasy Kit
(Quiagen). cDNA was synthesized from 0.5 mg DNA free
RNA with 0.5 mg/ml random hexanucleotide and 20u
Superscript(tm) 



Reverse Transcriptase (Invitrogen) in 20 ml. cDNA mix
was inactivated at 70 C for 15 min and diluted 5 times
with water. 2 ml of the mix was used for PCR with
specific primers: for LoxPR transactivator
aaatcattgccaggttttcg (SEQ ID NO:42) and
agcccttccaaaggaattgt (SEQ ID NO:43); for EGFP reporter
acgtaaacggccacaagttc (SEQ ID NO:44) and
gtcctccttgaagtcgatgc (SEQ ID NO:45). PCR was performed
with Taq polymerase (Quiagen) in 20 ml. The PCR
cycling conditions: 35 cycles (94 C for 30 sec; 55 C
for 10 sec; 72  C for 10 sec). [0078] RNA in situ
hybridization: Whole mount in situ hybridization using
antisense RNA probes for full length LexPR
transactivator and EGFP labeled with digoxigenin
(Roche, USA) was carried out as previously described
(Oxtoby and Jowett, 1993). After in situ hybridization
stained embryos were mounted in PBS-glycerol and
viewed using Nikon SMZl 600 stereomicroscope. Images
were taken with Nikon DXMl 200F digital camera with
the Nikon ACT-I software and processed using Adobe
Photoshop 7.0.1 software.EXAMPLE 2 LexA-Based
Mifepristone-Inducible Gene Expression System
(LexPR-Driver and Reporter Construct) [0079] A DNA
construct (Figure 2) carrying an open reading frame
for an artificial transcription factor representing
the fusion of a DNA binding domain from the bacterial
LexA protein, a truncated ligand binding domain from
the human progesterone receptor and an activation
domain from the human NF-tcB/p65 protein under short
zebrafish keratin promoter; SV40 early polyadenilation
sequences; nopaline synthase terminator; synthetic
LexA operator and EGFP under minimal Cauliflower
Mosaic Virus 35S promoter, was prepared by combining
the elements by sequential cloning of PCR fragments in
pBluescript SK(+) vector containing terminal
cis-required elements of the transposon from maize
(Emelyanov et al., 2006). The heratinS promoter and
the EGFP coding sequence are flanked by unique
restriction sites to allow single-step replacement
with a promoter of choice and a gene of interest
respectively. The sequence details are shown in Table
1. The primer sequences are shown in Table 2. The
pDs(krt8:Lpr-LOP:G4) full sequence is set forth in SEQ
ID NO:46. TABLE 1 Components of LexA-Driver and
Reporter ConstructTABLE 2 PrimersEXAMPLE 3 



LexA-Effector Construct (Target Construct) {0080] A
DNA construct (Figure 3) carrying the ECFP gene under
the control of the zebrafish Crystallin beta B
promoter followed by the BGH polyadenilation sequence,
nopaline synthase terminator, synthetic LexA operator
and mCherry ORF under minimal Cauliflower Mosaic Virus
35S promoter, SV40 early polyadenilation sequence, was
prepared by cloning into pBluescript SK(+) vector
containing terminal cis-required sequences of the Ds
transposon from maize (Emelyanov et al., 2006). ECFP
is a noninducible selection marker for transgenesis
("blue eyes"). The expression of mCherry is not
induced by mifepristone in transgenic lines carrying
this construct alone but can be induced in double
lines carrying the additional driver construct. The
mCherry coding sequence can be replaced with a
sequence of interest using flanking unique restriction
sites.The sequence details are shown in Table 3. The
primer sequences are shown in Table 2. The
pDs(cry:C-LOP:Ch) full length sequence is set forth in
SEQ ID NO:47. TABLE 3 Components of LexA-Effector
ConstructEXAMPLE 4 Generating Transgenic Fish [0081]
Transgenic fish carrying insertions of the driver and
effector constructs (described in Examples 2 and 3)
were generated as previously described (Emelyanov et
al., 2006; WO 2006/124001). Basically, 5-10 pg of
plasmid DNA with 25-50 pg of in vitro synthesized
transposase rnRNA was co-injected into zebrafish
embryos (yolk center) at the 1-2-cell stage. T he
injected fish were raised and out-crossed to wild
type. F or screening purposes mifepristone was added
to the growth water at 1 mM final concentration at 24
hpf and GFP fluorescent Fi embryos were selected and
raised. EXAMPLE 5 Reporter Expression in Transgenic
Driver Lines Is Induced and Tightly Controlled by
Mifepristone [0082] Transgenic driver lines that
carried LexPR driver-reporter cassette inserts in the
genome were generated and produced various reporter
expression patterns activated in presence of
mifepristone (Figures 4A-4D). EGFP fluorescence was
observed in the transgenic fish approximately 6-9
hours after adding mifepristone to the growth water at
1 mM and 10OnM final 



concentration. Strong EGFP expression could also be
induced at 1OnM after 24 hours of incubation. The
lowest inducible 1 nM concentration generated
significantly weaker reporter expression. Importantly,
in the absence of mifepristone, neither EGFP
fluorescence nor EGFP transcript were detected in
transgenic embryos (Figure 5/lane 1; Figure 6B and
data not shown).Therefore, this expression system
allows tight transcriptional control of the transgene
with no detectable background. [0083] Although, krt8
promoter does not turn on until 4.5 hpf (Gong et al.,
2002), we generated transgenic fish with maternal
expression from this promoter via enhancer-trapping
(Parinov et al., 2004), and tested the ability of this
system to regulate maternal expression of transgenes.
Transgenic F females harboring the driver-EGFP
construct in their genomes were treated with l mM
mifepristone for 12 hours before crossing to the wild
type males and their offspring was screened for EGFP
fluorescence before midblastula transition. We have
isolated females from two families that produced
GFP-positive eggs following such treatment (Figure 7).
Therefore, LexPR gene expression system can be used to
regulate maternal expression of transgenes. [0084] We
did not observe obvious side effects on zebrafish
development using this system even upon induction with
high concentration of mifepristone (10 mM) at 1-cell
stage (data not shown). Although in one line induction
of strong expression during early development
occasionally caused developmental delay in some
embryos, they later recovered and did not exhibit
morphological abnormalities. EXAMPLE 6 Rate of the
Transcription Induction [0085] To accurately estimate
the rate of induction, it is more appropriate to
measure the transcript rather than the protein
product, especially if the gene of interest contains
sequences for RNAi, microRNA or other non-coding RNAs.
Hence, we examined the spatiotemporal transcription
response to mifepristone induction using whole mount
in situ hybridization to detect EGFP transcripts
(Figures 6B-6G). For this purpose, we used a
transgenic driver line with an enhancer trap EGFP
expression pattern shown in Figure 4A. The F embryos
from this line were treated with 1 mM mifepristone
from 48 hpf onwards and aliquots of 20 embryos were
collected at various times after induction. No
reporter transcript expression was observed 



without induction. The reporter transcript was first
detected under the otic vesicle/ears 1 hour
post-induction and its level increased gradually
during first 9 hours of induction. [0086] EGFP
transcript was observed within a subset of the LexPR
expression pattern (Figures 6A-6G), mostly in the
areas of strong LexPR expression.EXAMPLE 7
Thros-activation of Effector Expression in Double
Transgenic Fish Harboring Driver and Effector
Constructs [0087] To demonstrate the feasibility of
using LexPR driver lines to drive transgene expression
in trans (Figures 1A-1B), we generated a LexA-effector
construct pDs(cry:CLOPrCh). This effector cassette
harbors a gene for red fluorescent protein "mCherry"
under the control of the LexOP sequence (Example 3).
It also contains Ds czs-required sequences to
facilitate transposon-mediated integration into the
genome and an extra selection marker, ECFP under the
control of the zebrafish Crystallin beta B promoter,
which generated cyan fluorescence in the lens (Figures
8A-8C, 9A, 9B and 1OA-IOD). The presence of the
additional marker facilitates generation, selection
and analysis of transgenic lines. Five stable
transgenic lines carrying the LexA-effector inserts in
their genome were generated. No background mCherry
fluorescence was detected in any of the effector lines
treated with 1 mM mifepristone. The effector lines
were crossed with the driver-EGFP lines and the
transgenic lines carrying both constructs in their
genomes were obtained. No background EGFP and mCherry
fluorescence was detected in the double transgenic
fish prior to treatment with mifepristone. Upon
treatment of the double transgenic embryos with 1 mM
mifepristone, both reporters (EGFP/driver and
mCherry/effector) were co-expressed in the same cells
(Figures 1IA and 1IB). Thus, the driver lines can be
used for trans-activation of the genes of interests
cloned into the effector cassette. [0088]
Nevertheless, we observed variegation in the relative
expression levels of both reporters (Figures HA, 11B,
8A-8C, 9A, 9B and 1OA-IOD). Variegation was evident
even among cells of the same type in the same fish
(Figure 1IB). Most positive cells expressed both
reporters, but the relative level of expression varied
significantly: some cells showed brighter EGFP
fluorescence than mCherry while in some others the
mCherry fluorescence was brighter. Three different
effector lines crossed to the same driver line
produced slightly different general levels of reporter
(mCherry) expression (data not shown), but the
differences between the 



effector lines were not more significant than the
variegation observed between different fish within
each offspring (Figures 9A and 9B). EXAMPLE 8 Delayed
Downregulation of the Reporter Gene Expression
Following Mifepristone Withdrawal [0089] To find out
if removal of mifepristone allows switching off gene
expression, and to determine the time needed for
downregulation after mifepristone withdrawal, we
performed thefollowing experiment. Transgenic F2
embryos carrying the driver-reporter construct were
treated at 36 hpf with four different concentrations
of mifepristone for 1 or 12 hours to induce the EGFP
reporter expression. After 1 or 12 hours of
mifepristone treatment, the embryos were rinsed and
transferred into larger tanks of water without
mifepristone. EGFP fluorescence was observed and
recorded at different times after withdrawal of
mifepristone. In parallel, we also observed embryos
that were continuously treated with the drug. The
results of the experiment are shown in Table 4 and
summarized in Table 5. The data in Table 4 is aligned
according to time after mifepristone withdrawal, that
corresponds to different developmental timing (hpf)
for the embryos treated for 1 hour and 12 hours 9both
treatments started at 36 hpf). To avoid confusion, the
corresponding developmental times are indicated. A
Nikon SMZl 600 fluorescent stereomicroscope was used
for rough estimation of the EGFP fluorescence.
Relative brightness between the experiment and the
control embryos continuously treated with 1 mM
mifepristone is arranged in three levels as indicated
in Table 4. We observed EGFP fluorescence in the
embryos for 5 days in mifepristone-free water
following 12 hours treatment with l mM mifepristone
(Table 4). EGFP transcript was also detected by RT-PCR
5 days after withdrawal of mifepristone from the water
(Figure 5, lane 5). By lowering the concentration to
10 nM and decreasing the length of exposure length to
1 hour, the switch off delay can be shortened (Tables
4 and 5), but the maximum expression level produced
under these induction conditions is lower. TABLE 4
Determining the Time Required to Switch Off Reporter
Expression -\ :. ; . } ' ?....stereomicroscope. TABLE
5 



Minimal Time After Mifepristone Withdrawal Required to
Switch Off Reporter Expression EXAMPLE 9 Inducible
Expression of Activated K-rasV12 in Transgenic
Zebrafish Using a Single Driver-reporter Vector [0090]
To demonstrate practical application of the LexPR gene
expression system we used it for generating transgenic
zebrafish lines carrying the cell-toxic K-rasV12
oncogene to test if it is possible to manipulate its
expression during development. [0091] We had
previously attempted to generate enhancer trap lines
that express a fusion protein of EGFP and activated
K-ras2B(V12) (EGFP-KrasV12 hereafter) using
Ds(krt8:EGFPKrasV12) transgene (unpublished data).
However, expression of EGFP-KrasV12 drastically
reduced germline penetrance and, despite the reported
efficiency of this promoter for enhancer trapping
(Parinov et al., 2004), we obtained very few lines
that expressed EGFP-KrasVI2 exclusively in skin
epithelia. The epithelial cells in these lines were
severely abnormal, but it did not affect development
or viability. [0092] To overcome the toxicity of the
EGFP-KrasV12 transgene, we cloned it into a
driverreporter cassette (instead of the EGFP in
Example 2) and used the resulting construct
Ds(krt8:LPR-LOP:EGFP-KrasV12) (SEQ ID NO:48; EGFP-Kras
V12 comprises nucleotides 4415- 5710; the sequence
comprising nucleotides 4396-5710, which contains
EGFP-KrasV12, has beenpreviously described in PCT
published application No. WO 2007/01 1312) to generate
transgenic fish. We used short pulse of exposure to
mifepristone (100 nM mifepristone for 1 hour) at the
24-hpf stage to screen Fi embryos. This was done to
ensure survival of transgenic fish. [0093] The first
result was restoration of germline penetrance of the
transgene: we have obtained 7 out of 8 screened
founders (88% transgenesis rate), which produced
transgenic progeny with different GFP fluorescence
patterns when induced with mifepristone. This
transgenesis rate is similar to the transgenesis rate
of the Ds(krt8:EGFP) transgene (Emelyanov et al.,
2006), suggesting that Ds(krt8:LPR-LOP:EGFP-KrasV12)
cassette did not affect germline penetrance. In one of
these lines, expression of the transgene could be
induced in the developing forebrain, notochord sheath
cells, as well as in the epithelial skin cells
attributed to the basic krt8 promoter activity
(Figures 12a-12g). To induce EGFP-KrasV12 expression
in this line, we 



treated F2 embryos with 1mM mifepristone at 10 hpf
onwards. This caused specific effect on the shape of
cells that express EGFP-KrasV12: cells of the skin
epithelia and notochord sheath were enlarged, did not
form a continuous layer but instead, we observed
clusters of cells. The affected skin epithelial cells
lost contacts with the embryo and eventually shed to
the outside environment. Embryos had shortened axis,
abnormal brain, cranial structures, branchial arches
and muscles (Figures 12a-12g). Thus, embryo
development was severely affected by expression ofKras
V12. [0094] This model demonstrates the ease and
feasibility of generating and manipulating transgenic
animals that harbor toxic transgenes. This strategy
should be useful to study effects of not only Ras
activity, but also other oncogenes/factors in the
development of various organs and tissues in zebrafish
and in cancer research. [0095] Non-inducible gene
expression systems utilizing the LexA DNA binding
domain have been previously used only in invertebrates
and in mammalian cell cultures (Hosbino et al., 2004;
Lai and Lee, 2006; Nettelbeck et al., 1998; Szuts and
Bienz, 2000). Here, we have demonstrated that a
LexA-based transcription activation system can be used
for inducible gene expression in vivo in true
transgenic vertebrates and for generating transgenic
driver lines. [0096] The LexA-based
mifepristone-inducible system provides stringent
control of gene expression with no detectable basal
expression of the reporter-gene in the absence of
mifepristone. The induction of transcription is
relatively fast since the transcript become detectable
as early as one hour after induction with 1 mM
mifepristone and achieve maximum level after
approximately nine hours of induction.[0097] Transgene
expression can be induced at any developmental stages
and throughout the adult life. Moreover, we were able
to induce expression of maternal products in the egg
by exposing females to mifepristone before
fertilization. This is essential when studying the
effects of a transgene on early development before
activation of the zygotic genome at midblastula
transition (Pelegri, 2003). It would also allow the
control of expression in germ cells of true transgenic
fish even when the transgene expression in these cells
is detrimental. [0098] The expression can also be
switched off, but at a much slower rate as compared to
induction. Even at five days after mifepristone
withdrawal (following 12 hours induction with 1 uM
mifepristone) the reporter transcript can be detected
by RT-PCR. It is possible that 



mifepristone is stable and remains in the tissues long
after washout or it may accumulate in the yolk due to
its hydrophobicity. Other factors include stability of
the LexPR and GFP transcripts/proteins. Lower
concentrations of mifepristone and shorter induction
time are more appropriate for switch-off experiments.
Published data from mouse and Drosophila show that
both the RU486- and the tetracycline-inducible systems
require long time to turn off (Chikama et al., 2005;
Roman et al., 2001). Thus, our system although very
effective in switching on transgene expression, may
need to be optimized further for switch-off
experiments. Table 5 provides a rough guide for
optimization of the concentration and induction time.
[0099] Transcription from the LexOP is activated only
in a subset of cells expressing the LexPR
transcription factor (Figures 6A-6G), mostly in the
cells with relatively high concentration of the LexPR.
However, some cells that expressed low levels of LexPR
transactivator produced high levels of EGFP
transcript, suggesting that activation is not simply
dose dependent and may be subject to regulation by
other factors. It was previously reported that
transactivator concentration could be an important
parameter in the activation of target genes for
TetR-VP16/tetO inducible binary system (Boger and
Grass, 1999). Stronger promoters and enhancer trap
events or the use of multiple insertion driver lines
may produce broader expression of a target gene. Other
possibilities that may explain this include
cellspecific factors involved in p65AD transcriptional
activation, or cell-specific drug impermeability. This
must be taken into account when making an inducible
driver line using a well-defined promoter or a
transgenic line with uniform ubiquitous expression.
Depending on the task, specific expression of the
target gene in the smaller domain compared to the
larger expression domain of the transactivator can be
an advantage, since it may allow activating expression
in specific cells a whole organ.[0100] In the cells
where EGFP expression was induced, there was much more
EGFP than LexPR transcript, tiiat shows that the
LexPR/LexOP system efficiently amplifies the
expression of the target genes. [0101] Transgenic
LexPR lines produce consistent expression from the
LexOP: different animals belonging to the same line
show similar expression pattern (Figures 8A-8C, 9A, 9B
and 1OA-D). Furthermore, two independent LexOPs within
the same animal (driver and effector) also produce
matching patterns of expression (Figures 11A, HB,
8A-8C, 9A, 9B and 1OA-D). 



Nevertheless, we observed variegation of reporter
expression among the embryos from the same offspring
(Figures 8A-8C, 9A, 9B and 1OA-D), and mosaic
activation of the reporters among the cells of the
same type, which appeared visually similar to
position-effect variegation (Figures HB, 8A-8C, 9A, 9B
and 1OA-D). Mosaic activation of reporter expression
was more apparent in double transgenic lines that
harbored driver and effector constructs that allowed
comparison of one reporter expression against another
(Figure 11B). Not only the relative brightness ratio
of the different reporters but also individual
expression from each LexOP varied independently among
the cells of same type, suggestive of some variations
in chromatin status around the same insertion site.
Different effector lines produced similar degrees of
mosaicism, suggesting that position effect variegation
does not play a major role in the variegation. This is
further supported by the facts that position effect
variegation was rarely observed in the conventional
enhancer trap lines carrying EGFP gene directly
controlled by the krt8 promoter (Choo et al., 2006;
Parinov et al., 2004) but most of the LexPR driver
lines showed certain degrees of mosaicism. Published
reports suggest that epigenetic silencing through DNA
methylation and chromatin acetylation play important
roles in activator-dependent transgene
expression.(Boger and Grass, 1999; Kues et al., 2006).
The mosaic induction of gene expression may also
reflect a stochastic mechanism of
transactivator-dependent transcription activation
(Boger and Grass, 1999; Walters et al., 1995).
Variability and mosaicism of transgene expression is a
common problem of binary inducible systems and it has
been observed with the tetracycline dependent
activation systems in transgenic mice (Boger and
Grass, 1999; Furth et al., 1994; Gimenez et al., 2004;
Kues et al., 2006; Yamamoto et al., 2001).
Furthermore, similar variegation of reporter
expression levels has been noticed in the
non-inducible Gal4-VP16/UAS transgenic zebrafish lines
(Davison et al., 2007; Scott et al., 2007)(data not
shown), mifepristone-inducible Gal4- p65/UAS
transgenic zebrafish lines (data not shown) and in the
non-inducible GAL4/UAS Drosophila lines (Goentoro et
al., 2006). Therefore, this problem may be inherent to
all binary gene expression systems. Because of the
mosaicism, concentration of the reporter geneexpressed
from one LexOP cannot be used as a quantitative
indicator of the target gene expression from another
LexOP. Thus, visualization of the transgene expression
using independent live reporters, although very
useful, must be interpreted with caution. Expression
of the gene of interest in specific cells can be
confirmed post experimentally by in situ 



hybridization. [0102] We have previously tested the
non-inducible (Koster and Fraser, 2001) and the
chemical-inducible (Burcin et al., 1999) gene
expression systems that utilized the DNA binding
domain of the yeast GAL4 protein in
germline-transgenic zebrafish (Figures 13a-13g and
data not shown). These systems could drive expression
(constitutive and inducible respectively) of the
UAS-regulated transgenes, but caused non-specific
developmental defects at a high frequency when
expressed at early developmental stages (Figures
13a-13g). The mifepristoneinducible GAL4-system
(Burcin et al., 1999) often produced irregular
expression and the lines with background expression
even without induction (data not shown). Contrary to
the GAL4- based systems, the LexA-based system
described here did not cause obvious adverse effects
on zebrafish development even when mifepristone was
added at early developmental stages, it generated more
uniform expression and non of the LexPR driver and
effector lines showed background expression. This may
be not entirely attributable to the different
properties of the GAL4 and LexA DNA binding domains
and their basic recognition DNA sequences, but to the
design of GAL4-based transactivators, number of UAS
elements, promoters and to other important regulatory
elements of the system. Nevertheless, several
zebrafish laboratories began generating GAL4-based
driver lines (Davison et al., 2007; Scott et al.,
2007). Since LexA- and GAL4-based systems do not
cross-react, it would be possible to use and control
them together in the same animal independently,
allowing more sophisticated experimental setups.
[0103] The concentration of mifepristone required for
effective transcription induction (0.01 - 1 uM in the
growth water) is significantly lower (20 to 2000-fold
lower) than the antiprogestin dosage used to induce
abortion (lOmg/kg, ~20 mM). This offers safety for the
researchers and the environment. Since the deletion
mutant of the human progesterone receptor LBD does not
bind to progesterone, this may also be potentially
useful for human gene therapy (Wang et al., 1994).
[0104] Although mifepristone is cheap and safe, in
some cases prolonged exposure to the drug may be
undesirable. Furthermore, due to strong transcript
amplification, it might be difficult to control the
level of the target gene expression by titration of
mifepristone concentration. Combination of the
inducible system with Cre/lox recombination system
canprovide a platform for improvements (Zuo et al.,
2001). Indeed, inducible expression of Cre 



recombinase alone would be a significant improvement
of the Cre/lox recombination system (Kellendonk et
al., 1999). [0105] The system of the present invention
features all elements that are necessary for direct
generation of transgenic lines carrying any gene of
interest or for performing large-scale driverline
screenings, and subsequent application of these lines
to drive controllable expression of genes of interest.
The driver and the effector DNA cassettes are equipped
with the D cisrequired sequences to facilitate
transgenesis. T he constructs contain convenient
restriction enzyme recognition sites that allow
single-step replacement of the EGFP and mCherry coding
sequences with a sequence of interest (Examples 2 and
3). The 0.5-kb krt8 promoter driving the
transactivator expression can be used for enhancer
trapping (Parinov et al., 2004), or can also be easily
replaced with different promoters (Example 2). [0106]
Most elements of these constructs have been previously
tested and used in very distant hosts: bacterial LexA
DNA binding domain and operator were utilized in
plants, invertebrates and in vertebrate cell cultures
(Nettelbeck et al., 1998; Szuts and Bienz, 2000; Zuo
et al., 2000); the hormone binding domain of human
progesterone receptor (hPR-LBD) was explored in yeast
(Vegeto et al., 1992); NF-kB/p65 activation domain was
shown to activate transcription in yeast (Moore et
al., 1993); maize Ac/Ds transposable elements
performed well in plants, fungal and animal kingdoms
(Emelyanov et al., 2006); 35S CaMV plant virus minimal
promoter and Agrobacterium Nos terminator were used in
plants (Zuo et al., 2000); EGFP, mCherry and ECFP
perform well in all tested organisms and the zebrafish
krt8 promoter is active in human and mouse cell
cultures (Parinov and Emelyanov, unpublished data).
Thus, this system and our constructs can be used in a
wide range of hosts from amphibians to mammals, and
possibly in invertebrates, fungi and plants. [0107]
The use of the terms "a" and "an" and "the" and
similar referents in the context of describing the
invention (especially in the context of the following
claims) are to be construed to cover both the singular
and the plural, unless otherwise indicated herein or
clearly contradicted by context. The terms
"comprising," "having," "including," and "containing"
are to be construed as open-ended terms (i.e., meaning
"including, but not limited to,") unless otherwise
noted. Recitation of ranges of values herein are
merely intended to serve as a shorthand method 



of referring individually to each separate value
falling within the range, unless otherwise indicated
herein, and each separate value is incorporated into
the specification as if it wereindividually recited
herein. All methods described herein can be performed
in any suitable order unless otherwise indicated
herein or otherwise clearly contradicted by context.
The use of any and all examples, or exemplary language
(e.g., "such as") provided herein, is intended merely
to better illuminate the invention and does not pose a
limitation on the scope of the invention unless
otherwise claimed. No language in the specification
should be construed as indicating any non-claimed
element as essential to the practice of the invention.
[0108] Embodiments of this invention are described
herein, including the best mode known to the inventors
for carrying out the invention. Variations of those
embodiments may become apparent to those of ordinary
skill in the art upon reading the foregoing
description. The inventors expect skilled artisans to
employ such variations as appropriate, and the
inventors intend for the invention to be practiced
otherwise than as specifically described herein.
Accordingly, this invention includes all modifications
and equivalents of the subject matter recited in the
claims appended hereto as permitted by applicable law.
Moreover, any combination of the above-described
elements in all possible variations thereof is
encompassed by the invention unless otherwise
indicated herein or otherwise clearly contradicted by
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Biotechnol 19, 157-161.WHAT IS CLAIMED IS: 1. A
nucleic acid molecule comprising a DNA construct
encoding a chimeric transcription factor and having
the following elements: (i) a DNA encoding a DNA
binding domain of a bacterial repressor LexA
DNA-binding domain, (ii) a DNA encoding a ligand
binding domain of a human progesterone receptor and
(iii) a DNA encoding an activation domain. 2. The
nucleic acid molecule of claim 1, wherein the ligand
binding domain is a truncated ligand binding domain.
3. The nucleic acid molecule of claim 1 or 2, wherein
the activation domain is an activation 



domain of the p65 subunit of human NF-kB. 4. The
nucleic acid molecule of any one of claims 1-3,
wherein a promoter is operatively linked to the DNA
encoding the chimeric transcription factor. 5. The
nucleic acid molecule of claim 4, wherein the promoter
is a eukaryotic promoter. 6. The nucleic acid molecule
of claim 5, wherein the eukaryotic promoter is a
tissuespecific or a cell specific promoter or an
enhancer trap promoter. 7. The nucleic acid molecule
of any one of claims 1-3, wherein a splice acceptor
sequence is operatively linked to the DNA encoding the
chimeric transcription factor. 8. The nucleic acid
molecule of any one of claims 1-7 which further
comprises a second DNA construct having the following
elements in the 5' to 3' direction: (i) a operator
comprising LexA binding sites, (ii) a promoter and
(iii) a gene. 9. The nucleic acid molecule of claim 8,
wherein the gene is a marker or reporter gene. 10. The
nucleic acid of claim 8, wherein the gene encodes a
protein of interest.11. The nucleic acid of claim 8
wherein the gene is transcribed into a noncoding RNA.
12. A non-human transgenic animal comprising the
nucleic acid molecule of any one of claims 1-7. 13.
The non-human transgenic animal of claim 12 which
further comprises a second nucleic acid molecule
comprising a DNA construct having the following
elements in the 5' to 3' direction: (i) a operator
comprising LexA binding sites, (ii) a promoter and
(iii) a gene. 14. The non-human transgenic animal of
claim 13, wherein the gene is a marker or reporter
gene. 15. The non-human transgenic animal of claim 13,
wherein the gene encodes a protein of interest. 16.
The non-human transgenic animal of claim 13, wherein
the gene is transcribed into a noncoding RNA. 17. A
non-human transgenic animal comprising the nucleic
acid molecule of any one of claims 8-1 1. 18. A method
for controlling expression of a gene in the transgenic
animal of any one of claims 13-17 which comprises
introducing a ligand for the progesterone receptor to
the animal. 



19. The method of claim 18, wherein the ligand is
mifepristone. 20. A method for controlled reversible
expression of a gene in the transgenic animal of any
one of claims 13-17 which comprises introducing a
ligand for the progesterone receptor to the animal for
turning on expression of the gene and removing the
ligand for turning off expression of the gene. 2 1.
The method of claim 20, wherein the ligand is
mifepristone.22. A method of making the transgenic
animal of claim 12 which comprises introducing the
nucleic acid molecule of any one of claims 1-7 into
the germline of an animal. 23. A method of making the
transgenic animal of claim 17 which comprises
introducing the nucleic acid molecule of any one of
claims 8-11 into the germline of an animal. 24. A
method of making the transgenic animal of any one of
claims 13-1 6 which comprises breeding the transgenic
animal of claim 11 with a second transgenic animal
comprising in its genome a nucleic acid molecule
comprising a DNA construct having the following
elements in the 5' to 3' direction: (i) a operator
comprising LexA binding sites, (ii) a promoter and
(iii) a gene and recovering the progeny. 25. The
method of claim 24, wherein the gene is a marker or
reporter gene. 26. The method of claim 24, wherein the
gene encodes a protein of interest. 27. The method of
claim 24, wherein the gene is transcribed into a
noncoding RNA. 


