1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

"% NIH Public Access

O
H%

Author Manuscript

Published in final edited form as:
Mech Dev. 2007 February ; 124(2): 146-156.

Impaired neural development caused by inducible expression of
AXxin in transgenic mice

Hsiao-Man Ivy Yu®1, Bo Liu&1, Frank CostantiniP, and Wei Hsu@"

a Department of Biomedical Genetics, Center for Oral Biology, Abs Institute of Biomedical Sciences, School
of Medicine and Dentistry, University of Rochester, 601 Elnwood Avenue, Box 611, Rochester, NY 14642,
USA

b Department of Genetics and Development, Columbia University Medical Center, 701 West 168th Strest,
New York, NY 10032, USA

Abstract

Ablations of the Axin family genes demonstrated that they modulate Wnt signaling in key processes
of mammalian development. The ubiquitously expressed Axinl plays an important role in formation
of the embryonic neural axis, while Axin2 is essential for craniofacial skeletogenesis. Although
AXxin2 is also highly expressed during early neural development, including the neural tube and neural
crest, it is not essential for these processes, apparently due to functional redundancy with Axinl. To
further investigate the role of Wnt signaling during early neural development, and its potential
regulation by Axins, we developed a mouse model for conditional gene activation in the Axin2-
expressing domains. We show that gene expression can be successfully targeted to the Axin2-
expressing cells in a spatially and temporally specific fashion. High levels of Axin in this domain
induce a region-specific effect on the patterning of neural tube. In the mutant embryos, only the
development of midbrain is severely impaired even though the transgene is expressed throughout
the neural tube. Axin apparently regulates 3 -catenin in coordinating cell cycle progression, cell
adhesion and survival of neuroepithelial precursors during development of ventricles. Our data
support the conclusion that the development of embryonic neural axis is highly sensitive to the level
of Wnt signaling.
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1. Introduction

Axin was first identified in a mouse mutant strain, created by random integration of a transgene
(Zeng et al., 1997). This transgenic allele (AxinT9) was shown to be allelic to the classical
mouse mutations Fused (AxinFY), Kinky (Axink?), and Knobby (AxinKP) (Perry et al., 1995;
Vasicek et al., 1997). Substantial evidence has established that Axinl and its homologue Axin2
negatively regulate the canonical Wnt pathway by promoting degradation of B -catenin
(Kikuchi, 2000; Miller et al., 1999; Moon et al., 2002; Peifer and Polakis, 2000). Mouse
embryos homozygous for several Axinl alleles exhibited recessive phenotypes, including axis
duplication, suggesting that Axin1 regulates embryonic axis formation (Gluecksohn-
Schoenheimer, 1949; Jacobs-Cohen et al., 1984; Perry et al., 1995). Unlike the uniform
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expression of Axinl, Axin2 is expressed in specific regions during embryogenesis (Jho et al.,
2002). Axin2 was able to substitute for Axinl not only in various biological and biochemical
assays, but also in genetic experiments where Axin2 was inserted into the Axin1 locus (Behrens
et al., 1998; Chia and Costantini, 2005; Yamamoto et al., 1998). Therefore, Axinl and Axin2
apparently have redundant functions, and the inability of Axin2 to replace Axinl in Axinl—/
—embryos is due to the restricted expression pattern of Axin2. Despite the high levels of Axin2
in neural crest precursors and migratory neural crest cells (Jho et al., 2002), its disruption in
mice did not cause any defects associated with neural crest development (Yu et al., 2005).
However, Axin2 is extremely important for skull morphogenesis during early postnatal
development (Yu et al., 2005). In the Axin2 mutant mice, premature fusion of cranial sutures
induces skeletal abnormalities, resembling craniosynostosis in humans.

AXins serve as scaffold proteins directly associating with several Wnt signaling molecules,
including disheveled, the serine/threonine kinase GSK-3, 3 -catenin, adenomatous polypopsis
coli (APC), and the serine/threonine protein phosphatase 2A (PP2A) (Behrens et al., 1998;
Fagotto et al., 1999; Hedgepeth et al., 1999; Hsu et al., 1999; Itoh et al., 1998; Julius et al.,
2000; Kishida et al., 1998; Sakanaka et al., 1998). In the absence of a Wnt signal, the Axin-
dependent complex mediates {3 -catenin degradation, while Wnt proteins perturb formation of
this complex by signaling through frizzled and LRP5/6 receptors (Bhanot et al., 1996; Farr et
al., 2000; Lietal., 1999; Smalley et al., 1999; Tamai et al., 2000; Wehrli et al., 2000; Yanagawa
etal., 1995; Yang-Snyder et al., 1996). Therefore, p -catenin is accumulated and binds to LEF/
Tcf family proteins as a transcriptional co-activator to activate target genes (Behrens et al.,
1996; Brannon etal., 1997; Molenaar et al., 1996). In addition to the canonical pathway, certain
Whnts (e.g., Wnts 4, 5a and 11) can signal through a planar cell polarity pathway by activating
the JNK, or a Ca2* mediated protein kinase C pathway (Boutros et al., 1998; Heisenberg et al.,
2000; Mlodzik, 1999; Sheldahl et al., 1999; Slusarski et al., 1997; Tada and Smith, 2000).
However, there is as yet no in vivo evidence that Axin is involved in the alternative Wnt
pathways.

Members of the Wnt family are expressed in the developing brain and neural tube (Parr et al.,
1993). During neural development, the canonical Wnt pathway is critically involved in cell
proliferation, cell fate decisions, morphogenesis of the neural tube, and neuronal differentiation
(Castelo-Branco et al., 2003; Chenn and Walsh, 2002; Gunhaga et al., 2003; Hall et al.,
2000; Hirabayashi et al., 2004; Krylova et al., 2002; Lee et al., 2004; Megason and McMahon,
2002; Nordstrom et al., 2002; Wilson et al., 2001; Zechner et al., 2003). Previous studies
demonstrated that the Wnt signals are required for mammalian head formation. Wnt1 and
Whnt3a are both expressed in the dorsolateral region of the neural tube that gives rise to neural
crest cells. Wnt1 is required for midbrain patterning (McMahon and Bradley, 1990; McMahon
et al., 1992) whereas Wnt3a is essential for the formation of somite, tailbud and hippocampus
(Grecoetal., 1996; Lee etal., 2000; Takada et al., 1994). While inactivation of either the mouse
Whntl or Wnt3a gene did not cause defects in craniofacial development, mice in which both
the Wntl and Wnt3a genes have been eliminated showed a marked deficiency in neural crest
derivatives (Ikeya et al., 1997). Furthermore, conditional deletion of  -catenin by Wnt1- Cre
causes not only truncation of the midbrain and the entire cerebellum that is reminiscent of the
Whnt deficient phenotypes, but also craniofacial deformities (Brault et al., 2001). Wnt signaling
appears to regulate the expansion of common precursors for neural crest and neuroepithelium.
This was confirmed by lineage tracing/fate mapping analysis using a two component genetic
labeling system (Chai et al., 2000; Jiang et al., 2000). In mice carrying both Wnt1-Cre transgene
(Danielian et al., 1998) and the Cre-dependent R26RlacZ reporter allele (Soriano, 1999), the
lacZ gene is expressed in neural crest derivatives in addition to dorsal neural tube where Wnt1
is normally expressed. These data suggest that Wnt1-expressing cells from the dorsal neural
tube migrate to craniofacial regions. Although Wnt regulates induction of the neural precursors,
a negative signal might be required for neural crest migration and/or differentiation.
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Because of the apparent redundancy of Axinl and Axin2 in the domains where they are co-
expressed, we took a gain of function approach to study their potential functions during early
neural development. The level of Axinl was elevated in the Axin2-expressing cells using a
conditional transgenic expression system. In the transgenic embryos, neuroepithelial
proliferation, adhesion and survival are reduced by Axinl through its effects on f -catenin.
Although Axinl is elevated throughout the developing neural tube, midbrain development is
particularly sensitive to the transgene expression. Our data support the conclusion that a normal
level of Axinl is important for the development of neuroepithelial precursors, and that
development of midbrain is particular sensitive to alterations of the canonical Wnt pathway.

2.1. B -Catenin/cyclin D1 signaling in developing ventricular zone

B -Catenin has a significant effect on the decision of neural precursors to proliferate or
differentiate (Chenn and Walsh, 2002; Hirabayashi et al., 2004; Lee et al., 2004; Megason and
McMahon, 2002; Wilson et al., 2001; Zechner et al., 2003). To gain further insights into the
role of the canonical Wnt pathway in neuroepithelial cells, we examined expression of 3 -
catenin, cyclin D1 and its inhibitors P15 and P16 that are important cell cycle regulators during
normal development of the ventricles. Immunostaining analyses were performed with a
monoclonal antibody o -ABC (van Noort et al., 2002), which recognizes only the non-
phosphorylated/activated form of B -catenin at Ser37 and Thr41 residues that stimulate
downstream signaling events. In the developing midbrain, B -catenin signaling is highly
stimulated in the ventricular zone that consists of neuroepithelial precursors as shown by
expression of an early neuroepithelial marker SOX1 (Fig. LA-D). The activated form of p -
catenin is particularly enriched in the cells at inner layers of the ventricle. This differential
activation of B -catenin in the ventricular zone also correlated with stimulation of cyclin D1,
which is a direct target of the B -catenin and LEF/TCF transcription complex (Fig. 1E and F).

Cells close to the lumen of the ventricle are highly proliferative neural precursors. In contrast,
post-mitotic cells are located to the outer layers of the ventricular zone. These cells have no
detectable activity for  -catenin and cyclin D1, but express P15, an inhibitor of cyclin D1/
cyclin- dependent kinases (Fig. 1G and H). P16 is not involved in the developmental process
(data not shown). This distinct signaling pattern suggests that the canonical Wnt pathway might
be required for maintaining proliferating activities of the neural precursors in the ventricular
zone. It is possible that B -catenin signaling is abolished following cell cycle exit as indicated
by the diminished expression of the G1-S regulator cyclin D1 in the developing cortex. The
progenitors exit the proliferating zone, and undergo neuronal differentiation during
development of the midbrain.

2.2. Development of a transgenic expression system for inducible expression in the Axin2-
expressing cells

Using an Axin2'2Z knock-in allele (Lustig et al., 2002; Yu et al., 2005), we examined the
expression of Axin2 during early neural development. Axin2 is strongly expressed in the lateral
margin of the neural fold at the boundary between surface and neural ectoderms where neural
crests arise at E8.5 (Fig. 2A and E). The expression of Axin2 is then detected in the dorsal
midline of the neural tube, as well as in migratory neural crest cells and branchial arches at
E9.5 and E10.5 (Fig. 2B, C, F and G). In the E12.5 embryo, Axin2 is activated in the central
nervous system (CNS) and several facial structures, including external ears, area surrounding
the eyes and whisker follicles that are derivatives of the cranial neural crest (Fig. 2D). These
results are consistent with previous findings (Jho et al., 2002) and suggest that Axin2 might
play a role in early neural development. However, mice with inactivation of Axin2 did not
exhibit defects associated with any of these developmental processes. This is likely due to the
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uniform expression of Axinl compensating for the loss of Axin2, as mouse embryos
homozygous for Axin2 and heterozygous for Axin1 develop severe defects in craniofacial and
neural development (W.H. and F.C., unpublished, and B. Jerchow and W. Birchmeier, personal
communication).

To further investigate the role of Axins in early neural development, we decided to take a gain
of function approach by transgenic overexpression. Using the tet-on system (Gossen et al.,
1995; Urlinger et al., 2000), we developed a series of mouse strains that permits conditional
gene expression in the Axin2-expressing cells. A new Axin2- rtTA mouse strain, expressing
an improved version (Urlinger et al., 2000) of rtTA (reverse tetracycline-controlled
transactivator) under control of the Axin2 regulatory element, was generated. The Axin2-rtTA
mice were crossed to the TRE-lacZ mice (Hennighausen et al., 1995), containing the lacZ
reporter under control of TRE (tetracycline response element), to obtain the double transgenic
embryos. To induce expression of the lacZ reporter in these embryos, their pregnant mothers
were treated with Dox for 5 days. Compared with the endogenous Axin2 expression pattern
that is detected by B -gal staining of the E9 and E10.5 Axin2!2¢Z heterozygous embryos (Fig.
3A and C), our data indicated that this system successfully targeted transgene expression to
the Axin2-expressing cells (Fig. 3B and D). The lacZ expression was detected in regions where
AXxin2 is normally expressed, such as neuroepithelial cells at the dorsal neural tube, migrating
neural crest cells, and post-migratory neural crest cells in the branchial arches (Fig. 3E-G). As
experimental controls, embryos carrying either both transgenes without Dox treatment or the
single TRE-lacZ transgene with Dox treatment did not show any lacZ staining (data not shown).
Therefore, we have successfully developed a transgenic system permitting targeted gene
expression in the Axin2-expressing cells in a spatially and temporally regulated fashion.

2.3. Inducible expression of Axinl in early neural development

Disruption of Axin2 did not reveal whether it functions in early neural development due to
redundancy between Axin2 and the ubiquitously expressed Axinl (Yu etal., 2005). Therefore,
we pursued a gain-of-function strategy to investigate the potential role of Axins in these
processes. To test whether inducible expression of Axinl affects early neural development, we
crossed the Axin2-rtTA mice with the TRE-Axin-GFP mouse strains, which we established
previously (Hsu et al., 2001). In embryos carrying both the Axin2-rtTA and TRE-Axin-GFP
transgenes, the co-expression of Axinl and GFP in the Axin2-expressing cells can be induced
by Dox treatment (Fig. 4). To study the effects of Axinl in early neural development, the Dox
treatment began at E4.5/5.5. The expression of the transgene in the craniofacial regions (Fig.
4A, B and E) and neural tube (Fig. 4C, D and F) was confirmed by whole mount GFP analyses
of the E12.5 and E13.5 embryos that permits an easy identification of the transgene-expressed
embryos. However, stimulation of Axinl resulted in obvious structural deformities in brain
development interfering with our examination of the transgene expression (Figs. 4F and 5F).
We therefore used a TRE-GFP line (Tumbar et al., 2004) without activation of Axinl to study
the transgenic expression domains (Fig. 4A’ —D"). Sections of the E13.5 embryos revealed the
target gene expression in whisker follicles (Fig. 4A"), midbrain (Fig. 4B"), hindbrain (Fig. 4C
") and dorsal parts of the neural tube (Fig. 4D").

We next examined the induced expression of Axinl in the Axin2-expressing domains causes
any defects associated with early neural development. Even though the transgene is activated
in the Axin2-expressing neural crest derivatives, induced expression of Axinl did not result in
significant craniofacial abnormalities. However, brain development was severely impaired,
suggesting that the neural precursors in the dorsal midline of CNS were sensitive to the
alteration in Axinl levels (Fig. 5). The affected embryos showed abnormalities in the mid/
hindbrain regions where the ventricles failed to fully extend at E10.5/11.5 (Fig. 5A-D). At
E13.5, the affected embryos exhibited brain defects, a phenotype reminiscent of the Wnt
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deficiency (Fig. 5E and F). Several midbrain structures, including mesencephalon, cerebellum
and choroids plexus, were missing in the mutant embryos (Fig. 5G and H). The hindbrain
regions were less severely affected.

2.4. Brain development is affected by transgenic expression of Axinl

Because previous studies demonstrated that Axins act as negative regulators for the canonical
Whnt pathway (Logan and Nusse, 2004), transgenic expression of Axinl in the Axin2-
expressing cells should interfere with B -catenin signaling in early neural development.
Furthermore, mice with inactivation of the engrailed gene En-1 developed brain abnormalities
similar to the Wnt1 knockout mice (Wurst et al., 1994). Transgenic expression of En-1 in the
Whntl- expressing regions was able to rescue the developmental defects caused by Wntl
deficiency (Danielian and McMahon, 1996). Therefore, the engrailed genes, which are down-
stream targets of Wnt1, mediate its signaling activity in midbrain patterning. To investigate if
the transgenic expression indeed affected the canonical Wnt pathway essential for brain
formation, we first examined the expression of Engrailed. The En-expressing domain in the
mutant embryos was significantly reduced to a tiny area (Fig. 6A-D). The results support the
conclusion that Axins can modulate Wnt/ -catenin signaling during embryonic midbrain
development.

To elucidate the mechanism by which Axin modulates midbrain development, we tested if
transgenic expression of Axinl interfered with the canonical Wnt pathway during early neural
development, especially in the midbrain regions positive for En expression. Immunostaining
with a -ABC antibody revealed that transgenic expression of Axinl prevented activation of
j -catenin signaling, in contrast to its stimulation in normal neuroepithelial precursors of the
developing midbrain (Fig. 6E and F). This is accompanied by a dramatic reduction of cyclin
D1 expression (Fig. 6G and H) and presence of P15 in the proliferating ventricular zones (Fig.
61 and J), suggesting a loss of mitotic neural precursors in the transgenic mutants. The size of
developing ventricular zone was also reduced in the transgenic mutants. These data suggest
that the canonical Wnt pathway and cell cycle regulation are altered in neural progenitors of
the developing ventricle. To investigate if transgenic expression of Axinl affects neural
differentiation, we studied expression of an early neuroepithelial marker SOX1 (Pevny et al.,
1998). Expression of SOX1 was highly repressed in the midbrain (Fig. 6K and L), but not in
the hindbrain and trunk regions (Fig. 6M and N and data not shown). Thus suggests that the
transgenic expression specifically interfered with neuronal differentiation in the mutant
midbrains. Although Axinl was widely stimulated throughout the developing CNS, there were
no obvious defects in area posterior to the hindbrain and in the trunk regions. Anterior parts of
the CNS seem particularly sensitive to the Axinl transgenic expression that might disturb Wnt
signaling for establishment of the anterior neural axis.

In addition to transducing the Whnt signals (Logan and Nusse, 2004; Moon et al., 2004), B -
catenin plays a critical role in cell—cell interaction mediated by adherens junctions (Bienz,
2005; Gumbiner, 2005; Harris and Peifer, 2005). The effect of transgenic Axinl on B -catenin
might also interfere with its function in cell adhesion. We therefore examined the distribution
of the actin filaments by immunostaining and confocal microscopy. Similar to the B -catenin
distribution (Fig. 7G), actin was co-localized at the adherens junctions of developing midbrain
(Fig. 7A and C). However, this prominent staining was depleted in the transgenic mutants (Fig.
7B, E and H). Transgenic expression of Axinl also caused higher levels of actin in the post-
mitotic zones of the developing ventricle (Fig. 7D and F). Furthermore, high levels of Axin
induced apoptosis of neural epithelia in the midbrain regions (Fig. 71 and J). No difference in
apoptosis was observed in the hindbrain (Fig. 71 and J), nor in the trunk regions where Axinl
was also expressed at elevated levels (data not shown). These data show that the transgenic
expression of Axinl specifically interferes with survival of the neuroepithelial precursors in
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the midbrain regions. The interference with cell adhesion by Axinl might cause apoptosis, or
might be a consequence of its effects on apoptosis. The data suggest that the precise cellular
levels of Axins are critical for modulating the effects of B -catenin on cell proliferation,
adhesion and survival during development of the ventricular zone.

3. Discussion

Although Axin family genes are highly expressed during early neural development (Jho et al.,
2002; Zeng et al., 1997), their roles in this developmental process remain elusive. Because of
their redundant expression patterns, mice with disruption of one of the Axin genes either die
very early in embryogenesis (Axinl) (Zeng et al., 1997) or do not exhibit defects associated
with neurogenesis (Axin2) (Yu et al., 2005). Using a gain of function approach, the present
study investigates the potential roles of Axin in early neural development. We generated and
characterized a new transgenic mouse strain, Axin2-rtTA, which permits inducible expression
of a transgene in a spatial and temporal specific manner upon Dox treatment. Our data
demonstrated the ability of this system to manipulate gene activity in the Axin2-expressing
domains, including neuroepithelial precursors of the dorsal neural tube, migrating neural crest
cells and neural crest derivatives, during embryogenesis. Conditional gene expression can also
be achieved using this system in developing skin, adrenal gland, kidney, liver, lung, skull and
skeleton where Axin2 is also expressed (H.-M.1.Y. and W.H., unpublished data).

Whnt/B-catenin signaling appears to control expansion of the neuroepithelial precursors
consistent with previous findings (Chenn and Walsh, 2002; Ikeya et al., 1997; Zechner et al.,
2003). Stimulation of B-catenin leads to expression of its transcriptional target cyclin D1 in the
proliferating ventricular zones. Upon cell cycle exit, a precise termination of -catenin/cyclin
D1 signaling occurs in the neural precursors where the expression of P15 becomes evident.
Transgenic expression of Axinl in the Axin2-expressing cells results in severe abnormalities
in early neurogenesis. In the transgenic mutants, Axinl appears to interfere with the activity
of B-catenin resulting in the inhibition of cyclin D1 during ventricular patterning. This is
accompanied by premature activation of P15, a cell cycle inhibitor in the proliferating zones.
In addition, the function of B-catenin in cell adhesion also appears to be affected in the Axinl
transgenic mutants. These alterations also lead to apoptosis of the neural precursors, which
could also contribute to the defects in cell adhesion.

Transgenic expression of Axinl was elevated throughout the dorsal midline of the entire neural
tube, but only midbrain development was specifically affected. This suggests that development
of the anterior neural tube is particularly sensitive to the level of Axin and Wnt signaling. There
might be another morphogenetic gradient across the anterior— posterior axis in addition to the
dorsal-ventral axis (Megason and McMahon, 2002). According to this model, a gradient of
Whnt, higher in anterior regions, might be required for patterning of the neural axis. Although
the Axinl transgene was also induced in the neural crest cells and their derivatives, as well as
in the developing limb buds, craniofacial and limb development did not seem to be affected.
This might be due to insufficient levels of transgene expression, or a lower sensitivity of these
tissues to the high levels of Axin. Mice with the deletion of Axin2 in the Axinl heterozygous
background (Axin2—/—; Axinl+/-) result in severe craniofacial deformities with truncation of
the neural crest derived skeletal structures (W.H. and F.C., unpublished; B. Jerchow and W.
Birchmeier, personal communication). These data imply that cranial neural crest development
might depend on high levels of Axins in the neural precursors. In addition, it remains to be
determined if elevated expression of Axinl in the Axin2-expressing domains of developing
cranial sutures causes any skull abnormalities.

AXin has been shown to associate with signaling molecules that are not part of the canonical
Whnt pathway in vitro (Furuhashi et al., 2001; Liu et al., 2006; Zhang et al., 1999). However,
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asyet, there isnoin vivo evidence that Axin regulates signaling other than through the canonical
Whnt pathway. It is possible that Axin, which has been suggested to stimulate the SAPK/JINK
pathway, affects development of the neural tube via the alterative Wnt pathway (PCP, planar
cell polarity). Our preliminary studies did not reveal any abnormalities of the JNK pathway in
the transgenic embryos (data not shown). Further analysis using mutant mouse strains defective
for signaling components of Wnt/PCP might provide important insights into the importance
of this pathway during mammalian development (Montcouquiol et al., 2003).

4. Experimental procedures

4.1. Mouse strains

A DNA fragment encoding a modified form of rtTA (rtTA25-M2) (Urlinger et al., 2000) was
inserted into a 5.6 kb DNA expression cassette (Jho et al., 2002) containing the Axin2 promoter
to generate the construct for production of the Axin2-rtTA mice using methods as described
(Hsu et al., 2001; Shakya et al., 2005). The Axin2 expression cassette, containing the 2883
nucleotides upstream of exon 1, exon 1, intron 1 and part of exon 2, has been defined previously
(Jhoetal., 2002). Mice were genotyped for the presence of the transgene by PCR using primers
5'-gacaaggaaactcgctcaaaag- 3’ and 5'-ttgctacttgatgcetectgttc-3’, which are located in the rtTA
coding sequences. The PCR was performed by denaturation at 94 °C for 5 min and 35 cycles
of amplification (94 °C for 30 s, 64 °C for 30 s, and 72 °C for 60 s), followed by a 7-min
extension at 72 °C. TRE-Axin- GFP mice were described previously (Hsu et al., 2001), and
the TA6 and TA32 lines were used in the current study. Dox (doxycycline, 2 mg/ml plus 50
mg/ml sucrose) was administrated orally in the drinking water, by diluting a freshly prepared
10X Dox/sucrose stock solution. The pregnant female mice were treated with Dox for 2—7
days. 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.

4.2. Histology, immunostaining and apoptosis analysis

Embryos were fixed in formalin, paraffin embedded, sectioned, and stained with hematoxylin/
eosin for histological evaluation as described (Hsu et al., 2001). Tissue sections were subject
to immunological staining with avidin:biotinylated enzyme complex as described (Yu et al.,
2005), or with fluorescein conjugated avidin (Vector Lab) for fluorescence microscopy.
Fluorescence imagines were analyzed using Leica TCS SP spectral confocal microscope.
Mouse monoclonal antibodies a-actin (Neo Markers), a-ABC (van Noort et al., 2002), and a-
P15 (Neo Markers); rabbit polyclonal antibodies a-Cyclin D1 (Lab Vision), a-EN (a gift of
Alex Joyner) and a-Sox1 (a gift of Larysa Pevny) were used as primary antibodies. In situ
TUNEL staining of apoptotic cells in tissue sections was performed as described (Hsu et al.,
2001). The staining results were evaluated by fluorescence microscopy with appropriate
excitation and emission filters.

4.3. B-Gal staining and GFP analyses

Staining for B-galactosidase activity in embryos was performed as described (Yu et al.,
2005). 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 for 30-90 min. 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, 2 mM potassium ferrocyanide, 2
mM magnesium chloride, 0.01% sodium deoxycholate and 0.02% NP-40 at 30 °C for 2-16 h.
For analyses in sections, samples were subsequently fixed in formaldehyde and processed for
paraffin sections. Whole mount GFP analysis was performed using fluorescence
stereomicroscopy to visualize the embryo (Hsu et al., 2001). Embryos were then embedded
and processed for frozen sections.
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Fig. 1.

Whnt signaling maintains the mitotic activity of neuroepithelial precursors in developing
ventricular zone. Sections of the E13.5 embryos were immunostained with a. -SOX1 (A, B),
a -ABC (C, D), a -cyclin D1 (E, F) or a. -P15 (G, H) antibody (brown staining), and
counterstained with hematoxylin (blue staining, A-D and G-H). Enlargements of the insets
(A, C, E and G) are shown in B, D, F and H, respectively. Neuroepithelial precursors express
SOX1 in the mid/hind brain regions (A, B). Immunohistochemical staining with an antibody
that recognizes only the activated form of  -catenin (a -ABC antibody) reveals elevated levels
of B -catenin in the neural precursors during brain development (C, D). Nuclear expression of
cyclin D1 is evident in the developing ventricular zone (E, F). The red dashed lines represent
the boundary of mitotic cells that express activated j -catenin/cyclin D1 and the postmitotic
cells that do not (D.F). In contrast, P15 is present only in the post-mitotic cells (G, H). The
arrows indicate SOX1-positive neuroepithelial cells, which exit the proliferating zone and
express P15, but with no activation of § -catenin and cyclin D1. Scale bars, 0.2 mm (A, C, E
and G); 50 um (B, D, F and H).
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Fig. 2.

Expression of Axin2 in early neural development. The Axin2 expression pattern was visualized
by B -gal staining in whole mounts or sections of the Axin2!2°Z heterozygous embryos. At E8.5,
AXxin2 is expressed in the lateral margin of the neural fold (A) where neural crest cells arise at
the boundary between the surface and neural ectoderm (E). By E9.5, strong Axin2 staining is
then detected along the dorsal midline of the CNS (B). Axin2 is expressed in the dorsal neural
tube, migrating neural crest cells (arrowheads) and branchial arches (arrows) (C, E, F and G).
Inset shows an enlargement of the branchial arch of the E10.5 embryo (G). At E12.5, Axin2
is continuously present in the dorsal midline of CNS and many facial structures that are
derivatives of CNC (D). First row, the Axin2'2Z knock-in embryos show that Axin2
expression. Second row, cross sections of the § -gal stained embryos. Red lines in A, B and C
represent levels of the sections in E, F and G, respectively. Scale bars, 0.2 mm (A, F); 0.3 mm
(B, G); 0.5 mm (C); 0.8 mm (D); 0.1 mm (E).
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AXin2'acZ

AX2rtTA

Fig. 3.

Axin2-rtTA mouse strain permits targeted gene expression in the Axin2-expressing domains.
Embryos carrying Axin2-rtTA and TRE-lacZ transgenes enable conditional expression of the
lacZ target gene in the Axin2-expressing cells. The transgenic expression was induced by Dox
treatment of the pregnant mothers at E4.5/5.5. Embryos were recovered and analyzed by p -
gal staining in whole mounts (B, D) and sections (E, F and G). The expression pattern of the
lacZ target gene (B, D) is extremely similar to that of endogenous Axin2 gene detected using
the Axin2!2Z knock-in allele at E9 (A) and E10.5 (C). The lacZ target gene is highly stimulated
in the dorsal part of the neural tube, migrating neural crest cells (arrowheads) and branchial
arches (arrows) upon Dox induction (E, F and G). Scale bars, 0.3 mm (A, B); 1 mm (C, D); 50
pm (E); 0.2 mm (F, G).
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Fig. 4.

Inducible expression of Axinl in developing CNS and CNC. Embryos carrying the Axin2-
rtTA, and either the TRE-AXxin1-GFP or TRE-GFP transgene, display bi-cistronic expression
of Axinl and GFP (A-F) or expression of GFP (A’ -D’) in the Axin2-expressing cells.
Transgene expression was induced by Dox treatment of the pregnant mothers beginning at
E4.5/5.5. Embryos were analyzed by whole mount fluorescence microscopy for GFP at E12.5
(A-D)and E13.5 (E, F). The expression of the transgene was observed in the Axin2-expressing
domain, including whisker hair follicles (dashed circle), external ears (arrows) and dorsal
midline of CNS (dashed lines and arrowheads). Sections of the E13.5 embryos revealed
expression of the target gene (GFP in green, counterstaining in blue) in whisker hair follicles
(A"), midbrain (B"), hindbrain (C’, arrows) and dorsal neural tube (D', arrowheads). mbv,
midbrain ventricle; d, dorsal; v, ventral. Scale bars, 1 mm (A-F); 0.5 mm (C, D’); 0.1 mm (A
’);0.2mm (B, C").
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Fig. 5.

High levels of Axinl interfere with early brain development. Control embryos (A, C, E and
G); Dox-induced transgenic embryos (B, D, F and H). Defects in the midbrain regions were
noticeable in the E10.5 (A, B) and E11.5 (C, D) embryos with overexpression of Axinl in the
Axin2-expressing cells. Arrowheads indicate the mid/hindbrain boundary. At E13.5, severe
brain abnormalities were detected (E, F). Histological analyses revealed that structures of the
mescencephalon (mes), cerebellum (cb) and choroids plexus (cp) were completely missing (G,
H). tel, telencephalon; di, diencephalon; my, myelencephalon. Control embryos (A, C, E and
G); Dox-induced double transgenic embryos (B, D, F and H). Scale bars, 0.5 mm (A, B); 1
mm (C, D, E, F, G and H).
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Fig. 6.

Development of the En-expressing domains is severely affected by Axinl, due to region-
specific effects on Wnt mediated brain development. Sagittal sections of embryo at E13.5 were
immunostained with specific antibodies (brown staining), and counterstained with
hematoxylin (blue staining) as indicated. Immunohistochemical staining identifies the En-
expressing domain in the control (A) and transgenic (B) midbrains. Enlargements of the insets
(A, B) are shown in C and D, respectively. Panels E-L show the part of brain that is En-positive
in adjacent sections (controls, E, G, | and K; transgenics, F, H, J and L). Overexpression of
Axinl affects p-catenin/cyclin D1 signaling in developing midbrain. Expression of the
activated form of B-catenin (E, F) and cyclin D1 (G, H) is inhibited in the midbrain of transgenic
embryos with elevated levels of Axinl. The arrowheads indicate that neuroepithelial
progenitors, which are active mitotic cells with stimulated g-catenin and cyclin D1, are evident
in the controls (E, G), but significantly reduced in the transgenics (F, H). P15, normally present
in the post-mitotic cells (I, arrows), is detected in the proliferating ventricular zones of the
mutants (J, arrowheads). The developing ventricular zone, indicated by the underlying red
dashed line, is also reduced in the mutants. Immunohistochemical staining of SOX1 reveals
specific inhibition of neural differentiation in the transgenic midbrains with high levels of
Axinl. The SOX1-expressing neuroepithelial cells are detected in the control (K, M) and
transgenic (L, N) midbrains (K, L) and hindbrains (M, N). High levels of Axinl interfere with
neural differentiation in the transgenic midbrain regions (arrows). a, anterior; p, posterior; d,
dorsal; v, ventral. Scale bars, 500 um (A, B); 400 um (C, D); 200 um (E-N).
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Fig. 7.

Elevated levels of Axinl affect formation of the actin microfilaments in the adherens junctions
of developing ventricles, and survival of the neuroepithelial cells. Sections of the control (A,
C, D and G) and transgenic (B, E, F and H) E13.5 embryos were analyzed by immunostaining
of actin (A-F) or activated B-catenin (G, H), followed by confocal microscopy. Actin is
localized to the adherens junctions of the control littermates (A, C) along the ventricle lumen
of midbrain (arrowheads). In the transgenic embryos (B, E), distribution of the actin
microfilaments is drastically reduced (arrows). However, the transgenic post-mitotic zone
displays higher levels of actin filaments (D, F). Enlargements of the insets in A and B are shown
in C-E and F. The activation of B-catenin is drastically reduced in the transgenic (arrows, H)
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compared to the control (arrowheads, G). TUNEL staining analyses revealed apoptotic cells
in the control (1) and transgenic (J) E12.5 embryos. Increased numbers of apoptotic cells were
detected in the transgenic midbrain ventricles (arrows). mb, midbrain; mbv, midbrain ventricle;
hb, hindbrain; a, anterior; p, posterior; d, dorsal; v, ventral. Scale bars, 50 um (A, B, G, H);
200 um (1, J).
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