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Abstract

Targeted gene disruption or expression often encounters lethality. Conditional approaches,
permitting manipulation at desired stages, are required to overcome this problem in order to
analyze gene function in later developmental processes. Wntl1 has been shown to be expressed in
neural crest precursors at the dorsal midline region. However, its expression was not detected in
emigrated neural crest cells, the descendants of Wntl-expressing precursors. We have developed
mouse transgenic systems to manipulate gene activity in the Wntl-expressing precursors and their
derivatives by integrating the tetracycline-dependent activation and Cre-mediated recombination
methods. A new Wntl1-rtTA strain, carrying rtTA under control of Wntl regulatory elements, has
been created for gene manipulation in a spatiotemporal-specific fashion. Together with our
previously developed Wnt1-Cre/R26STOPrtTA model, these systems permit conditional gene
expression and ablation in pre-migratory and/or post-migratory neural crest cells. This study
demonstrated the versatility of our mouse models to achieve gene manipulation in early neural
development.
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Introduction

Craniofacial morphogenesis is regulated by complex interactions between the surface and
neural ectoderms, endoderm, paraxial mesoderm and cranial neural crest (CNC) (Francis-
West et al., 1998). This process is highly dependent on the patterning information of
emigrant CNC cells (Kontges and Lumsden, 1996; Le Douarin et al., 2007). During early
embryogenesis, the precursors arise in the lateral margin of the neural fold at the boundary
between surface and neural ectoderm (LaBonne and Bronner-Fraser, 1999; Steventon et al.,
2005; Crane and Trainor, 2006; Delfino-Machin et al., 2007). Upon closure of the neural
tube, these cells migrate ventrolaterally to populate the head and neck regions (Kuriyama
and Mayor, 2008). The migration process requires CNC cells to undergo epithelial-
mesenchymal transition (EMT), which is also a key step in tumor progression toward
metastasis (Levayer and Lecuit, 2008). CNC cells give rise to a variety of facial tissues and
structures, including nerves, ganglia, connective tissues, cartilages and bones (Le Douarin
and Kalcheim, 1999). As a result, the majority of craniofacial deformities are caused by
deficiencies in CNC. Elucidating the mechanism underlying CNC development is essential
to gain important insights into the mechanism underlying EMT in cancer metastasis and the
molecular basis of congenital diseases.
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Using genetic analysis in mice, genes or gene families important for craniofacial
morphogenesis have been identified. Mice with mutations of these genes often exhibit
severe craniofacial deformities. Affected animals show defects in the development of facial
tissues and structures, suggesting the mutated genes might be associated with development
of CNC. However, relatively little is known about the mechanism underlying CNC
development. The development of experimental systems capable of analyzing the
morphogenetic regulatory network during formation, migration and differentiation of CNC
cells will greatly advance our knowledge base of these developmental processes.

The evolutionary conserved Wnt signaling pathway is critical for development of the neural
crest (Yanfeng et al., 2003; Raible and Ragland, 2005). Members of the Wnt family are
expressed in the developing brain and neural tube (Parr et al., 1993). Wnt1 and Wnt3a are
both expressed in the dorsolateral region of the neural tube that gives rise to CNC. The
expression of Wntl is restricted to the midbrain whereas Wnt3a is found in both mid/
hindbrain regions (McMahon et al., 1992). Each signal is essential for embryonic
development, Wnt1 for midbrain patterning (McMahon et al., 1992) and Wnt3a for the
formation of somite, tailbud and hippocampus (Takada et al., 1994; Greco et al., 1996; Lee
et al., 2000). However, inactivation of either the mouse Wnt1 or Wnt3a gene did not cause
defects in craniofacial development (McMahon and Bradley, 1990; Takada et al., 1994).
Mice in which both the Wntl and Wnt3a genes have been eliminated showed a marked
deficiency in CNC derivatives that originate from the dorsal neural tube (lkeya et al., 1997).
Whnt signaling appears to regulate the expansion of CNC progenitors. Later, this was
confirmed by lineage tracing analysis using a genetic labeling technique (Chai et al., 2000;
Jiang et al., 2000). In mice carrying both the Wnt1-Cre transgene (Danielian et al., 1998)
and R26RlacZ reporter allele (Soriano, 1999), the lacZ gene is expressed in CNC derivatives
in addition to the region where Wnt1 is normally expressed. These data indicate that Wnt1
expressing cells from the dorsal neural tube migrate to craniofacial regions where Wntl
expression is then terminated. The nature of this Wnt1 expression pattern during CNC
development permits creation of experimental systems to manipulate gene activity in pre-
migratory and/or post-migratory cells. By integrating the Cre-mediated recombination and
tetracycline-dependent activation methods, the present study demonstrates the successful
establishment of such advanced models for gene manipulation in mice.

For conditional gene expression, the tetracycline-dependent activation system has been
widely used that requires three essential components. First is the transcription factor tTA or
rtTA, which can be expressed in a spatial-specific manner. Second, the tetracycline response
elements (TRE) are used to control the expression of target genes. The presence of the third
component, doxycycline (Dox), administered at a desired time, activates target gene
expression in a temporal-specific fashion. To develop a mouse model permitting
manipulation of gene activity in CNC precursors, we generated a new Wntl1-rtTA transgenic
strain. An improved version of rtTA, rtTA25-M2 (Urlinger et al., 2000), was inserted into a
Whntl expression vector, containing its promoter and enhancer (Figure 1A). Mice carrying
the Wnt1-rtTA transgene were generated by injecting the expression construct. To test if
Whntl-rtTA strain provides a tool for conditional gene expression in the developing embryo,
mice carrying the Wnt1-rtTA transgene were crossed with TRE-lacZ mice (Yu et al., 2005b;
Yu et al., 2007), where the expression of lacZ is under control of TRE, to obtain double
transgenic animals (ratio: 1/4). Their pregnant mother was treated with Dox for 7 days to
induce expression of the lacZ reporter in the E12.5 embryos (Figure 1B-D). Compared with
the endogenous Wntl expression pattern (McMahon and Bradley, 1990) and that of the
Whntl-lacZ transgenic animal (Danielian and McMahon, 1996) reported previously, the
results showed that expression of the lacZ reporter was successfully targeted to the dorsal
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midline of the developing brain and neural tube during embryogenesis (Figure 1B-D).
Similar expression patterns were obtained when the Wnt1-rtTA transgene was crossed into
reporter mice carrying TRE-H2BGFP, a transgenic line containing TRE to regulate the
expression of a fusion protein between histone H2B and GFP (Tumbar et al., 2004). In the
E12.5 (data not shown) and E13.5 (Figure 11-L) double transgenic embryos (ratio: 1/4), the
Whntl-expressing cells exhibited strong expression of the H2BGFP fusion protein in the mid/
hind brain and neural tube regions.

To examine the kinetics of inducible gene expression, we treated the pregnant mother with
Dox for various time periods. We detected fairly comparable expression of the lacZ reporter
between 7 days and 17 hours (Figure 1E-H). Using TRE-H2BGFP, we found that the GFP
reporter also displayed similar expression patterns between 7 days and 12 hours (Figure J-
K). Although the reported expression is stimulated within several hours of Dox treatment, a
2-day induction ensures that target gene expression is at the optimal level. Our finding
indicates that the Dox-inducible expression of the target gene can be achieved in a relatively
short period in animals.

Sections of the B-gal stained embryos (Figure 1M-T) revealed that the Wnt1-expressing
cells in diencephalon (Figure 1P and T), metencephalon (Figure 10), myelencephalon
(Figure 1N and S), choroid plexus (Figure 1Q) and neural tube (Figure 1R) were positive for
B-gal staining. The results demonstrated that we were able to use the Wnt1-rtTA strain for
conditional gene expression in the Wnt1-expressing cells during embryonic neural
development.

We next examined if Wnt1-rtTA could be used for inducible gene ablation and expression
by combining the tetracycline-dependent activation and Cre-mediated recombination
methods. Our strategy is to use the Wnt1-rtTA transgene for spatiotemporal specific
expression of Cre under control of TRE (Figure 2A). The expressed Cre can then be used for
Cre-mediated recombination for conditional gene ablation or activation. For conditional
gene ablation, Cre is able to excise a gene coding sequence, flanked by two loxP sites (gene
specific floxed allele). For conditional gene activation, Wnt1-rtTA and TRE-Cre are
required to cross with an allele, which contains the loxP site flanking STOP cassette to
control target gene expression. Upon Cre-mediated recombination, the target gene is
expressed by removal of the STOP cassette.

Using the R26RlacZ strain as a conditional allele (Soriano, 1999), we tested the feasibility
of our strategy. The Wnt1-rtTA transgene was first bred with the TRE-Cre (Radomska et al.,
2002) to obtain mice carrying both transgenes (ratio: 1/4). These double transgenics were
then crossed to the R26RlacZ homozygous mice to get embryos carrying all three transgenes
(ratio: 1/8). Because of Wntl expression in CNC precursors, the Dox-dependent induction
of Cre activated the expression of lacZ from the R26RlacZ allele. The lacZ reporter was
then expressed not only in these precursors but also in their descendents because it was
under control of the ROSA26 promoter independent of the Wnt1 regulatory element.
Therefore, B-gal staining should be positive in post-migratory CNC cells even though the
Whntl regulatory element was silenced. Indeed, we found the neural crest derivatives,
including craniofacial regions, expressed the lacZ reporter when Dox was administered at
E6.5 (Figure 2B, D-F). A slight leaky expression was observed around the neck and spinal
cord area in some of the TRE-Cre; R26RlacZ double transgenic embryos. This is likely due
to the positional effect of the TRE-Cre transgene because the TRE-lacZ and TRE-H2BGFP
transgenes do not seem to have obvious leaky problems. We also were not able to induce a
robust expression of lacZ in the CNC lineage which was shown by the Wnt1-Cre; R26RlacZ
genetic labeling system (Chai et al., 2000). This might also be attributed to the limitation
caused by the TRE-Cre transgenic line. Nonetheless, the data demonstrated the success of
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using the Wnt1-rtTA/TRE-Cre system for excision of the loxP flanked DNA sequence. The
data also imply that this system can be utilized for conditional gene ablation and expression
in CNC development.

Next, we determined if Dox-dependent activation of Cre induced after the initiation of
neural crest migration will restrict the stimulation of the target gene expression in the CNC
derivatives. When Dox was administered at E9.5 (Figure 21-K) and E10.5 (Figure 2C, L-
N), we observed a gradual reduction of Cre-mediated recombination in the CNC derivatives
(Figure 2D, | and L). The Cre-dependent expression of lacZ was still detected in the dorsal
midline of CNS, but highly reduced in the craniofacial area (Figure 2F, K and N) and dorsal
root ganglia (Figure 2E, J and M). Thus suggests that the timing of Dox induction
determines the Cre-mediated recombination that occurs in the population of neural crest
precursors.

To identify the cell populations which are positive for expression of the reporter and permit
manipulation of gene activity using this system, the B-gal stained embryo with Dox
administered on E6.5 (Figure 2D-F) was analyzed in sections. In addition to the Wnt1-
expressing cells in CNS (Figure 3A-E), we found that the lacZ reporter is expressed in their
derivatives, including migrating neural progenitors within spinal cord (Figure 3E),
trigeminal nerve and ganglion (Figure 3F, G), dorsal root ganglion (Figure 3H), exoccipital
bone and vagus nerve (Figure 31), nasal septum (Figure 3J), nasal capsule (Figure 3K), ear
(Figure 3M, N), optic nerve and ocular muscle (Figure 3L), tooth (Figure 30), follicle
(Figure 3P), thymic rudiment (Figure 3Q), and heart (Figure 3R). On the other hand, the p-
gal stained embryo with Dox administered on E10.5 (Figure 2L—N) displayed comparable
expression of the reporter in the myelencephalon, metencephalon, diencephalon, choroid
plexus and dorsal neural tube, similar to those shown in Figure 3A-E. However, the lacZ
expression was significantly altered in the neural crest derivatives. Drastic reduction was
evident in the trigeminal nerve and ganglion, dorsal root ganglion, middle ear ossicle and
thymic rudiment with very few positive cells (data not shown). No detectable B-gal signal
was found in the migrating neural progenitors within spinal cord, exoccipital bone and vagus
nerve, nasal septum, nasal capsule, cochlea, ocular muscle, optic nerve, tooth, follicle, and
heart (data not shown).

We also compared the newly developed Wnt1-rtTA model with the Wnt1-Cre;
R26STOPrtTA expression system that we created previously (Yu et al., 2005b). In the
Whntl-Cre; R26STOPrtTA system, rtTA is expressed in both CNC progenitors and their
descendents. In animals also carrying a target gene under control of TRE, its expression can
be activated in development of the CNC lineage in a spatiotemporal specific fashion upon
Dox treatment (Figure 4A). To enhance the efficiency of obtaining our desired genotypes,
we first established a mouse strain containing TRE-H2BGFP in the R26STOPrtTA
homozygous background. These mice were then bred with the Wnt1-Cre mice to obtain the
Whntl-Cre; R26STOPrtTA; TRE-H2BGFP embryos (ratio: 1/4). When we obtained the
Whntl-Cre; R26STOPrtTA; TRE-H2BGFP embryos treated by Dox, fluorescent signal is
observed in the CNC precursors and their derivatives at the dorsal midline and craniofacial
regions, respectively (Figure 4B, F—H). The GFP expression is detected in maxilla,
mandible, telencephalon, diencephalon, mesencephalon, myelencephalon, cerebellum,
dorsal root ganglia (Figure 41-N). To examine the kinetics of inducible gene expression, we
treated the pregnant mother with Dox for various time periods. We detected fairly
comparable expression of the H2BGFP reporter between 7 days and 10 hours (Figure 4C—
E). The GFP signal is clearly visible after a short treatment of Dox for 10 hr although the
expression level seems relatively reduced (Figure 4E). To achieve the optimal induction as
shown in Figure 4C, a 2-day treatment is more than enough (data not shown). In addition,
the reporter was also expressed in the skull structures containing derivatives of CNC,
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including nasal cartilage, nasal bone, frontal bone and interparietal bone (Figure 40-Q).
However, parietal bone, which is mesodermal in origin, only showed background level. The
results showed a proof of principle that the Wnt1-rtTA (Figure 1) and Wnt1-Cre;
R26STOPrtTA (Figure 4) systems can be used for inducible gene expression in pre-
migratory CNC precursors, and both pre-migratory and post-migratory CNC cells,
respectively. The target gene expression can be stimulated effectively by the addition of Dox
in a relatively short period in animals.

Discussion

We have successfully established a new Wnt1-rtTA mouse strain expressing an improved
version of rtTA under control of the Wnt1 regulatory element. This study has also
demonstrated the usefulness of this strain for gene expression and deletion during
embryogenesis. The inducible expression of the target gene was evident as early as ten hours
after the Dox administration in the drinking water. An overnight induction for 12 hours is
able to recapitulate a 7-day treatment. To ensure that the expression reaches its optimal
levels, we recommend a 2-day induction of Dox. It is possible that the time required to
activate the gene expression can be even shorter. Thus provides a very sensitive system for
conditional gene activation. A reversal of gene expression can also be achieved by the
withdrawal of Dox for 7 days (our unpublished data). These types of study depend on the
nature of experimental designs. It has been successfully used to identify the label retaining
cells exhibiting stem cell-like characteristics in the hair follicles (Tumbar et al., 2004).

The CNC precursors arise at the lateral margin of the neural fold at the boundary between
surface and neural ectoderms (Figure 5A). Upon closure of neural tube, they migrate
ventrolaterally to populate the craniofacial regions. The Wnt1-rtTA mice can be used to
express the target gene under control of TRE in the precursors of neural epithelial and neural
crest cells (Figure 5B). The timing of gene expression is controlled by administration of
Dox. Regardless of when the Dox is administered, the target gene is only activated in neural
epithelial cells at the dorsal midline of the brain and neural tube. Thus provides a system to
manipulate gene expression in a spatiotemporal-specific, and potentially reversible, fashion.
In contrast, the expression of Cre is regulated by the Wnt1 regulatory elements in the Wnt1-
Cre; R26STOPrtTA mice. The Cre expression is able to permanently delete the STOP
cassette in the Wntl-expressing precursors and then activate the expression of rtTA,
controlled by the ROSA26 locus, in both the Wntl1-expressing precursors as well as their
derivatives. As our results demonstrated, this system permits inducible gene expression in
the dorsal midline regions and the entire neural crest lineage, including precursors located to
the dorsal midline and their derivatives in craniofacial regions and dorsal root ganglia, upon
Dox treatment (Figure 5C). The advantage of this system is to allow CNC lineage-specific
expression and to induce the expression of the target gene at various times in migrating
neural crest cells upon Dox treatment.

We have shown the proof of principle that Wnt1-rtTA can be used in combination with
TRE-Cre for conditional gene expression and ablation in CNC development although a
better TRE-Cre transgenic line should be used. We tested another TRE-Cre strain (Wong et
al., 2000) but failed to detect any Cre recombination activity when crossed with Wnt1-rtTA,
AXxin2-rtTA (Yu et al., 2007) or ROSA26rtTA (Yu et al., 2005b). Although the TRE-Cre
line used in this study was somewhat disappointing, it works well with other rtTA transgenic
strains, Axin2-rtTA (Yu et al., 2007) and Nestin-rtTA (Yu et al., 2005c). Development of an
improved TRE-Cre using a new TRE vector containing seven copies of tetO should
overcome the restricted expression in the CNC lineage. A knock-in allele of TRE-Cre in the
ROSAZ26 locus will also avoid the positional effect caused by transgene insertion. We rule
out the possibility that the restricted CNC expression is caused by the Wnt1 regulatory
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element because the same pWEXP3C plasmid was used to generate Wnt1-Cre and Wnt1-
rtTA transgenic animals (Jiang et al., 2000).

In the Wnt1-rtTA; TRE-Cre system, the expression of Cre in the dorsal midline and/or
craniofacial primordia depends on the timing of Dox induction (Figure 5D). If Dox is
administered before emigration of neural crest cells, the Cre-mediated recombination will
occur in the precursors, thereby modifying the conditional allele (activating or deleting the
target gene) even in the craniofacial regions. However, the addition of Dox at the stage
where the emigration of neural crest cells has occurred will result in gene modification
restricted to the dorsal midline area. This strategy avoids gene deletion in the Wnt1-
dependent CNC derivatives which cannot be achieved using the conventional Wnt1-Cre
transgene. In theory, similar results can be achieved by the use of Wnt1-CreER™ mouse
strain, which expresses Cre-ER™ fusion protein under control of the Wnt1 regulatory
elements (Danielian et al., 1998). However, the ligand-mediated activation of Cre activity
works most effectively by drug administration after E9.5 in this system. This might
contribute to no activation of the R26RlacZ reporter shown in the craniofacial regions
(Danielian et al., 1998). In addition, the biggest problem for this system is that high
concentrations of ligand (tamoxifen or 4-OHT) are required to activate the Cre activity. This
is necessitated by the fact that the point mutation which allows preferential binding of 4-
OHT rather than 17B-estradiol also decreases the binding affinity for 4-OHT. As a result, the
dose of ligand required to activate CreER™ is quite close to that interfering with the
maintenance of pregnancy. In contrast, the concentration of Dox added in the drinking water
does not cause any toxicity in the Wntl1-rtTA; TRE-Cre system. The Dox treated embryos
are able to survive to term and continue to develop. We have tested the treatment of this
dose for up to several months in mice without causing any obvious problems. By integrating
the tetracycline-dependent activation and Cre-mediated recombination systems, this study
has shown the versatility of our mouse genetic models to manipulate gene activity in early
neural development and craniofacial morphogenesis.

Experimental Procedures

Mouse strains

Plasmid Wnt1-rtTA was constructed by inserting the blunt-ended EcoRI-BamHI fragment of
a modified form of rtTA (rtTA25-M2) (Urlinger et al., 2000) in the EcoRV site of the
pWEXP3C plasmid containing the Wnt1 enhancer and promoter (Danielian and McMahon,
1996; Danielian et al., 1998). Methods to the Wnt1-rtTA transgenic mouse strain were
reported previously (Hsu et al., 2001; Yu et al., 2007). Mice were genotyped for the
presence of the transgene by PCR and Southern blot analyses. For PCR, the primers 5'-
gacaaggaaactcgctcaaaag-3' and 5'-ttgctacttgatgctectgttc-3’, which are located in the rtTA
coding sequences, were used as described (Yu et al., 2007). For Southern analysis (Hsu et
al., 2001; Chiu et al., 2008), the full-length cDNA for rtTA was used as a probe to detect the
Whntl-rtTA transgenic mice. Three out of nine Wnt1-rtTA founders tested positive for the
integration of the transgene by PCR and Southern analyses. All of them enable Dox-
inducible gene activation as determined by crossing the transgenic lines with TRE reporter
transgenes. TRE-lacZ, TRE-H2BGFP, TRE-Cre, Wnt1-Cre, R26RlacZ and R26STOPrtTA
mice were described previously (Danielian et al., 1998; Soriano, 1999; Tumbar et al., 2004;
Yu et al., 2005b; Yu et al., 2005c; Yu et al., 2007). Dox (doxycycline, 2 mg/ml plus 50 mg/
ml sucrose) was administered orally in the drinking water as described (Hsu et al., 2001; Yu
et al., 2005b; Yu et al., 2007). Care and use of experimental animals described in this work
comply with guidelines and policies of the University Committee on Animal Resources at
the University of Rochester.
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Histology, B-gal staining and GFP analyses

Samples were fixed, paraffin embedded, sectioned, and stained with hematoxylin/eosin for
histological evaluation as described (Hsu et al., 2001; Liu et al., 2008). Staining for f3-
galactosidase activity in embryos was performed as described (Yu et al., 2005a; Yu et al.,
2005b; Yu et al., 2007). In brief, specimens were dissected in phosphate buffered saline
(PBS), and prefixed in PBS containing 1% formaldehyde, 0.2% glutaraldehyde, 2 mM
magnesium chloride, 5 mM EGTA and 0.02% NP-40 at 4°C. Samples were washed three
times in PBS containing 0.02% NP-40 at room temperature for 30 min before they were
stained in PBS containing 1 mg/ml of X-Gal, 5 mM potassium ferricyanide, 2mM potassium
ferrocyanide, 2mM magnesium chloride, 0.01% Sodium deoxycholate and 0.02% NP-40 at
30°C. The stained specimens were photographed for whole mount analyses. For analyses in
sections, samples were subsequently fixed and processed for paraffin sections and nuclear
fast red counterstaining. Whole mount GFP analysis was performed using fluorescence
stereomicroscopy (Nikon) to visualize the embryo (Yu et al., 2005b; Yu et al., 2007; Chiu et
al., 2008). Embryos were then embedded and processed for frozen sections and fluorescence
analysis (Liu et al., 2007).
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Figure 1.

Whntl-rtTA mouse strain permits targeted gene expression in Wntl-expressing neural
precursors. (A) A schematic representation of the tetracycline-dependent gene activation by
Whntl-rtTA mouse strain. The Wntl promoter (P) and enhancer (E) direct the expression of
rtTA in the Wntl-expressing precursors. The presence of Dox induces the binding of TA to
TRE, activating the reporter (lacZ or GFP) expression. (B) Embryos carrying Wnt1-rtTA
and TRE-lacZ transgenes (double transgenics, right; control, left) enable conditional
expression of the lacZ gene in the Wntl-expressing cells of developing brain and neural
tube. Embryos were recovered at E12.5 and analyzed by B-gal staining in whole mounts (B—
H) and sections (M-T). The lacZ reporter is highly stimulated in the dorsal midline of
developing neural tube and mid/hind brain upon Dox induction (B-D, M-T). Inducible
expression of the lacZ reporter is detected in the double transgenic embryos with 7 days (E,
G) or 17 hours (F, H) of Dox treatment. (I-L) Whole mount fluorescent analysis revealed an
inducible expression of the GFP reporter in double transgenic embryos for Wnt1-rtTA and
TRE-H2BGFP at E13.5. The GFP reporter is expressed in the double transgenic embryos
with 7 days (1, J), 17 hours (K) or 12 hours (L) of Dox treatment. Enlargements of the insets
in panels B and M are shown in C, D, N, O, P. Insets exhibit enlargement of the stained
regions (R-T). CP, choroid plexus; di, diencephalon; Hy, hypothalamus; met,
metencephalon; my, myelencephalon; NT, neural tube; Th, thalamus. Scale bars, 2 mm (B,
C,); 1 mm (D, E-H, J-L); 0.5 mm (M, R-T); 0.1 mm (N-Q).
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Figure 2.

Cre-mediated recombination in the Wntl1-expressing neural precursors is induced by
tetracycline-dependent activation. (A) A diagram illustrates our strategy for spatiotemporal
specific-recombination in the Wntl-expressing cells. Expression of rtTA in the Wnt1-
expressing cells permits the Dox-inducible activation of TRE-Cre. The Cre-mediated
recombination, which deletes DNA sequences flanked by two loxP sites, occurs in the
Whntl-expressing neural precursors, thereby achieving either gene expression or ablation.
Note that the conditional allele, containing the loxP site flanking sequence, could be a gene
specific floxed allele (for conditional gene ablation) or an allele permitting target gene
expression upon Cre-mediated recombination (for conditional gene expression). (B, C)
Embryos carrying Wnt1-rtTA and TRE-Cre transgenes (double transgenics, right; control:
carrying Wnt1-rtTA, left) enable conditional excision of the sequence flanked by two loxP
sites upon Dox treatment, leading to the expression of a lacZ reporter (R26RlacZ). The
expression of Cre is stimulated by Dox at E6.5 (D—F), E9.5 (I-K) and E10.5 (L-N),
followed by harvesting of embryos at E13.5. Scale bars, 2 mm (B, C); 1 mm (D-N).
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Figure 3.

Inducible gene expression is targeted to the Wntl-expressing cells and their derivatives
using Wntl-rtTA and TRE-Cre transgenes. Sections of the B-gal stained embryo shown in
Figure 2D reveal that the target gene expression is stimulated in the Wntl-expressing
precursors and their derivatives, including those in hindbrain (A, D), midbrain (B, C), neural
tube (E), trigeminal nerve (F) and ganglion (G), dorsal root ganglion (H), exoccipital bone
and vagus nerve (1), nasal septum (J), nasal capsule (K), ear (M, N), eye (L), molar (O),
follicle (P), thymic rudiment (Q), heart (R). CP, choroid plexus; co, cochlea; di,
diencephalon; DRG, dorsal root ganglion; e, ear; el, eyelid; EB, exoccipital bone; F, follicle;
met, metencephalon; my, myelencephalon; M, molar; MEO, middle ear ossicle; NC, nasal
cavity; NS, nasal septum; NT, neural tube; OM, ocular muscle; ON, optic nerve; RA, right
atrium; T, thymic rudiment; TG, trigeminal ganglion; TN, trigeminal nerve; VN, vagus
nerve. Scale bars, 1 mm (A); 300 um (B-D, G, J, K); 150 um (E, F, H, I, L, R); 200 um (M,
N); 75 um (0-Q).
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Figure 4.

Neural crest lineage-specific gene activation in an inducible fashion. (A) A scheme
represents a strategy for manipulating gene expression in neural crest lineage. Neural crest
lineage specificity is provided by Cre-mediated excision of the loxP-flanked STOP
sequence, and further temporal activation is controlled by Dox administration. The
expression of rtTA in the Wntl-expressing cells is controlled by the Cre-mediated excision
of the loxP-flanked STOP sequence. The rtTA gene, expressed in all Wnt1-expressing cells
and their descendants, enables inducible gene expression by the tetracycline-dependent
activation system. (B) Whole mount GFP analysis of the E12.5 control (R26STOPItTA,;
TRE-H2BGFP double transgenics, left) and Wnt1-Cre; R26STOPrtTA; TRE-H2BGFP triple
transgenic embryos (right), with Dox treatment. (C-E) Inducible expression of the H2BGFP
reporter in the triple transgenic embryos with varying lengths of Dox treatment (C, 7d; D,
17h; E, 10h). (F) Enlargement of the Dox-induced embryo from panel B, showing targeted
gene expression in the Wntl-expressing neural precursors (mid/hind brain) and their
derivatives/neural crest cells (craniofacial regions). (G) Dorsal view of embryos exhibits the
GFP expression in the developing neural tube of the triple transgenic animal (upper), but not
the control (R26STOPrTA; TRE-H2BGFP double transgenics, lower). (H) Enlargement of
the GFP positive embryo displays target gene expression in the neural tube (arrowheads) and
neural crest derivatives, dorsal root ganglions (arrows). (I-N) Sections of the GFP positive
E13.5 embryos show conditional gene expression in developing neural tube as well as neural
crest derivatives, facial processes. The reporter is highly expressed in developing mid/hind
brain, including mesencephalon (mes), myelencephalon (my), diencephalon (di) and
cerebellum (cb), as well as neural crest derived craniofacial mesenchyme, including
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maxillary (mx) and mandibular (mn) prominences. Enlargements of the inset in panels I, K
and M are shown in J, L and N. An inset displays enlargement of the dorsal root ganglion
(DRG) regions in panel K. (O) Whole mount and (P) GFP analysis reveals targeted
expression of the H2BGFP reporter in the neural crest-derived craniofacial region of the
triple transgenic newborn (right), but not the control (left), with Dox treatment. (Q) GFP
analysis of the skull indicates the transgenic expression in the skeletal elements, including
the nasal cartilage (nc), nasal bone (n), frontal bone (f) and interparietal (ip) bone, but not in
mesoderm-derived parietal bone (p). Scale bars, 2 mm (B, G, O-Q); 1 mm (F, H, |, K, M);
0.5mm (J, L, N).
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Figure 5.

Schematic representation illustrates the use of transgenic systems for manipulating gene
activity in neural precursors and CNC cells. (A) Neural crest cells arise at the lateral margin
of neural fold at the boundary between surface (SE) and neural (NE) ectoderms. They
migrate ventrolaterally to populate the head and neck regions upon closure of the neural
tube. (B) The Wnt1-rtTA strain expresses rtTA only in the pre-migratory precursors (red
cells) in dorsal midline because the Wnt1 regulatory element is not active after emigration of
these cells (blue cells). (C) The Cre-mediated recombination, permitting deletion of the
loxP-flanked STOP sequence, activates the expression of rtTA under control of ROSA26
promoter in both neural crest precursors and their derivatives in the neural tube and
craniofacial primordium, respectively. After the Cre-mediated expression, rtTA is
constitutively expressed in the Wntl-expressing cells and their derivatives, independent of
the activity of the Wnt1 regulatory elements. (D) The inducible expression domain of Cre in
the Wnt1-rtTA/TRE-Cre system varies by the timing of Dox administration. The presence of
Dox prior to the migration of neural crest precursors enables the Cre-mediated
recombination to occur in both the dorsal midline and craniofacial regions (Stage 1). When
Dox is administered during the migration of CNC, only the cells leaving late will be
activated (Stage 2). Cre would not be present in the derivatives of CNC if Dox is added after
they have emigrated (Stage 3). Pre-migratory and post-migratory cells are shown in red and
blue, respectively. Cells permitting the manipulation of gene activity are highlighted in
green.
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