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Disrupted dorsal neural tube BMP signaling in the cilia mutant
Arl13bhm stems from abnormal Shh signaling
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Abstract

In the embryonic neural tube, multiple signaling pathways work in concert to create functional
neuronal circuits in the adult spinal cord. In the ventral neural tube, Sonic hedgehog (Shh) acts as
a graded morphogen to specify neurons necessary for movement. In the dorsal neural tube, bone
morphogenetic protein (BMP) and Whnt signals cooperate to specify neurons involved in sensation.
Several signaling pathways, including Shh, rely on primary cilia in vertebrates. In this study, we
used a mouse mutant with abnormal cilia, Arl13b"™, to study the relationship between cilia, cell
signaling, and neural tube patterning. Alr13b"™ mutants have abnormal ventral neural tube
patterning due to disrupted Shh signaling; in addition, dorsal patterning defects occur, but the
cause of these is unknown. Here we show that the Arl13b"" dorsal patterning defects result from
abnormal BMP signaling. In addition, we find that Wnt ligands are abnormally expressed in
Arl13b"M mutants; surprisingly, however, downstream Wnt signaling is normal. We demonstrate
that Arl13b is required non-autonomously for BMP signaling and Wnt ligand expression,
indicating that the abnormal Shh signaling environment in Arl13b"™ embryos indirectly causes
dorsal defects.
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Introduction

Our ability to sense and respond to stimuli depends on neural activity in the spinal cord.
Broadly speaking, cells in the dorsal half of the spinal cord integrate and relay information
from sensory neurons in the periphery to the brain, whereas cells in the ventral half of the
spinal cord transmit signals from the brain to muscles for movement. These cellular
subtypes must be positioned correctly within the spinal cord for proper neuronal connections
to be made. This critical spatial specification is established during embryonic development
via signals sent to naive cells in the neural tube.

The molecular natures of some of the early signals that specify neural cell identity have
already been defined. In the ventral neural tube, Sonic hedgehog (Shh) becomes distributed
as a gradient, with the highest concentration of Shh at the ventral-most position, the floor
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plate (FP). Shh signaling acts in a concentration- and time-dependent manner to specify five
molecularly distinct classes of ventral neurons, including motor neurons (MN), and four
types of ventral interneurons (V0-V3) (Supplemental Fig. 1A) [reviewed in (Ingham and
McMahon, 2001;Jessell, 2000;Ribes and Briscoe, 2009)].

At the opposite pole of the neural tube, the roof plate (RP) emits signals that specify several
of the dorsal-most interneurons (Lee, et al., 2000). Multiple members of the TGFp signaling
family are expressed in the RP, including Bmp4, Bmp6, Bmp7, and Gdf7 [reviewed in (Liu
and Niswander, 2005)]. Additionally, two members of the Wnt signaling family are
expressed in the RP, Wntl and Wnt3a (Parr, et al., 1993). Members of the TGFp and Wnt
families cooperate to establish dorsal progenitor domains 1-3 (Supplemental Fig. 1B).
Mouse mutants with a complete loss of BMP signaling in the dorsal neural tube do not form
the Math1 progenitor domain, which in turn is required to specify the first class of dorsal
interneurons (d11s) (Bermingham, et al., 2001;Gowan, et al., 2001;Wine-Lee, et al., 2004).
BMP signaling mutants also show reduced, but not abolished, Wnt expression, indicating
that BMP signaling normally enhances Wnt expression (Wine-Lee, et al., 2004). Wnt
signaling also promotes cell specification in the dorsal neural tube. Mice that are doubly
mutant for Wntl and Wnt3a show a reduction in the number of dI1-dI2s, which appears to
stem from lowered Math1 expression and loss of Ngn1 expression (Muroyama, et al., 2002).
Whnt signaling may act primarily through the bHLH transcription factor Olig3 to specify
dorsal neurons, since Olig3 is essential to maintain proper expression of Mathl, Ngn1, and
Ngn2 (Muller, et al., 2005). Canonical Wnt signaling through B-catenin is sufficient for
Olig3 expression, and mutation of Olig3 reduces the number of di1s and abolishes d12-d13s
(Muller, et al., 2005;Zechner, et al., 2007).

Interactions among the Shh, BMP, and Wnt signaling pathways are necessary to establish
proper patterning of the embryonic neural tube. BMP signaling must be actively repressed in
the ventral neural tube; mice that are mutant for the notochord-derived BMP antagonist,
noggin, lack FP cells and motor neurons in the ventral neural tube (McMahon, et al., 1998).
Conversely, Shh signaling must be repressed in the dorsal neural tube. Inappropriately active
Shh signaling in the dorsal neural tube can repress BMP ligand expression, thereby
disrupting BMP signaling and dorsal patterning (Cho, et al., 2008). In chick, Wnt1 and
Wnt3a directly control the expression of Gli3, the main repressor of Shh signaling in the
dorsal neural tube (Alvarez-Medina, et al., 2008). Finally, Gli3 repressor physically interacts
with the downstream effectors of both BMP and Wnt signaling, the Smad proteins and f3-
catenin, respectively (Liu, et al., 1998;Ulloa, et al., 2007). Although these examples
illustrate intimate connections between neural tube signaling pathways, the precise
mechanisms underlying their interactions are just beginning to be investigated and
understood.

In vertebrates, several signaling pathways require primary nonmotile cilia for cellular
transduction, including Shh (Huangfu, et al., 2003), planar cell polarity (PCP) (Jones, et al.,
2008;Ross, et al., 2005), and platelet-derived growth factor receptor o (PDGFRa)
(Schneider, et al., 2005) [reviewed in (Veland, et al., 2009)]. Mouse embryos lacking the
cilia protein Arl13b show left-right axis defects, polydactyly, and ventral neural tube
patterning defects, all of which rely on Shh signaling (Caspary, et al., 2007;Garcia-Garcia, et
al., 2005). Arl13b is a small GTPase of the Ras superfamily (Caspary, et al., 2007). A few
members of this family are known to function in vesicle trafficking and microtubule
dynamics, although the functions of most members of this family remain unknown
(Antoshechkin and Han, 2002;Hoyt, et al., 1990;Kahn, et al., 2006;Li, et al., 2004;Radcliffe,
et al., 2000;Zhou, et al., 2006). Within the cell, Arl13b localizes predominantly to cilia
(Caspary, et al., 2007) and is absent in Arl13b"" mutants. An examination of cilia in
Arl13b"" mutants revealed a defect in the ultrastructure of the axoneme, resulting in cilia
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that are half the length of wild-type (Caspary, et al., 2007). Arl13b"™" mutants have ventral
neural tube patterning defects as a result of disrupted Shh signaling (Caspary, et al., 2007).

In addition to the ventral neural tube phenotypes described above, the Arl13b"" mutation
also disrupts dorsal neural tube patterning: Wnt1, Math1, and Mash1 are discontinuously
expressed in the caudal neural tube (Caspary, et al., 2007). This observation is surprising,
since Shh signaling is presumably repressed in the Arl13b"" dorsal neural tube by the
normal Gli3 repressor activity (Caspary, et al., 2007). The dorsal phenotypes therefore raise
the possibility that the signaling pathways involved in dorsal cell specification are disrupted
in Arl13b"" mutants. Here we show that the Arl13b"" mutation disrupts the expression of
BMP and Wnt ligands. Further, we demonstrate that BMP signaling is abnormal in the
Arl13b"n dorsal neural tube, but canonical Wnt signaling is surprisingly unaffected. Since
Gli3 has activity in Arl13b"" and has been tied to the Shh, BMP, and Wnt pathways, we use
conditional experiments to test whether the dorsal role of Arl13b in regulating Gli3 is
dependent on, or independent of, the ventral role of Arl13b in ventral patterning. Through
this analysis we demonstrate that all patterning defects we observe in Arl13b"" mutants
primarily result from the misregulation of Shh signaling in the ventral neural tube.

Materials and methods

Mouse strains

The Arl13b"" allele was generated by ENU mutagenesis and is a protein-null allele
containing a splice site mutation that results in the excision of exon 2 (Caspary, et al., 2007).
The conditional Arl13bLo%P allele was generated via homologous recombination and mimics
the splice site mutation of the original hnn allele by flanking exon 2 with loxP sites (Su, et
al., in preparation). In BATgal transgenic mice, 7 TCF sites are fused to the lacZ gene to
allow in vivo observation of canonical Wnt signaling via analysis of -galactosidase activity
(Maretto, et al., 2003). In Pax3tM1 (cre)Joe transgenic mice (hereafter referred to as Pax3-cre),
the endogenous Pax3 promoter drives expression of Cre recombinase (Engleka, et al., 2005).
In Gt(ROSA)26S0rtM1Sor transgenic mice (hereafter referred to as ROSA26), loxP sites flank
a STOP sequence upstream of the lacZ gene to monitor Cre-mediated recombination via
analysis of B-galactosidase activity (Soriano, 1999). To facilitate the conditional removal of
Arl13b in the dorsal neural tube, half the amount of endogenous Arl13b was removed by
crossing one copy of the null Arl13b"" allele into the Pax3-cre background.

In situ hybridization

In situ hybridizations on frozen transverse sections and whole-mounted embryos were
performed as described (Belo, et al., 1997;Schaeren-Wiemers and Gerfin-Moser, 1993). For
each experiment at least 3 embryos of the same genotype and developmental stage were
analyzed. Digoxigenin-labeled anti-sense RNA probes were synthesized from linearized
plasmid DNA using RNA polymerase T3, T7, or Sp6 according to the manufacturer’s
instructions. In situ hybridization probes were as follows: Msx1 (J. Corbin, Children’s
National Medical Center, Washington D.C.), Lhx2 (E. Grove, University of Chicago,
Chicago, IL), Wntl and Wnt3a (A. McMahon, Harvard University, Boston MA), Gdf7 (T.
Jessel, Columbia University, New York, NY), Mathl and Mash1 (J. Johnson, UT
Southwestern, Dallas, TX), Axin2 (F. Costantini, Columbia University, New York, NY),
Glil and Gli2 (A. Joyner, Sloan Kettering Institute, New York, NY), and Gli3 (J.
Eggenschwiler, Princeton University, Princeton, NJ).

Immunohistochemistry

Embryos were dissected and fixed for 1 hour in 4% paraformaldehyde (PFA) on ice. After
fixation, embryos were immediately washed 4 times for 30 min in cold phosphate-buffered
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saline (PBS) and incubated in 30% sucrose at 4°C overnight. Embryos were washed in
Optimal Cutting Temperature (OCT) Compound 3 times for 15 min before embedding in
OCT. We obtained 10-12-micron sections on a Leica CM1850 cryostat. Immunostaining
was performed as described (Yamada, et al., 1993). Briefly, slides were washed 3 times for
5 min in PBS, and then blocked for 1 h at room temperature in PBS containing 10% heat-
inactivated sheep serum and 0.1% triton-X. Slides were incubated with the following
antibodies overnight at 4°C: rabbit polyclonal anti-Arl13b, 1:1500 (Caspary, et al., 2007),
mouse monoclonal anti-Cre, 1:500 (Sigma), mouse polyclonal anti-HB9, 1:10
(Developmental Studies Hybridoma Bank), rabbit polyclonal anti-Olig2, 1:300 (Chemicon),
rabbit polyclonal anti-Olig3, 1:5000, guinea pig anti-TIx3, 1:10,000, and guinea pig anti-
Foxd3, 1:5,000 (gifts from C. Birchmeier, Max Delbruck-Center for Molecular Medicine,
Berlin, Germany), mouse monoclonal anti-BrdU, 1:100 (Sigma), and rabbit polyclonal
phospho-histone H3, 1:1000 (Millipore). Primary antibody-bound slides were incubated for
1-2 h at room temperature with 1:200 Alexa Fluor 488- and 568-conjugated goat anti-mouse
and goat anti-rabbit antibodies (Molecular Probes) and 1:6000 Hoechst 33342 (Molecular
Probes). Slides were mounted in 80% glycerol and viewed within 24 h.

Bromodeoxyuridine (BrdU)

BrdU was injected intraperitoneally into pregnant females on embryonic day 10.5, at a final
concentration of 50 pg/g body weight. Thirty min after injection, females were sacrificed
and embryos were fixed for antibody staining as described above. Prior to the blocking step
of antibody staining, sections were treated for antigen retrieval by covering slides with 10
mM sodium citrate and then steaming the slides for 15 min in an Oster steamer.

Staining for B-galactosidase activity

Microscopy

Staining for p-galactosidase activity was performed as described in (Nagy, et al., 2003).
Briefly, embryos were fixed in 1M Phosphate Buffer containing 0.2% glutaraldehyde for
15-30 min at room temperature, and then washed in detergent rinse (Nagy, et al., 2003) 3
times for 15-30 min each. To observe B-galactosidase activity, embryos were incubated with
staining solution (Nagy, et al., 2003) containing 0.1 mg/mL X-gal overnight at room
temperature. To section X-gal-stained embryos, embryos were washed 2 times for 5 min in
PBS, fixed in 4% PFA for 2 h at room temperature or overnight at 4°C, re-washed in PBS
for 5 min, incubated in 30% sucrose overnight, and embedded in OCT as above. Slides
containing 25-50-uM sections were washed 3 times for 5 min in PBS and mounted in 80%
glycerol prior to viewing.

Images of whole embryos and neural tube sections were collected with a Leica MZFLIII
stereomicroscope and a Leica DM6000 B upright fluorescence microscope, respectively. Q-
capture and Simple PCI software were used to collect images. Adobe Photoshop CS2 was
used to crop and adjust color, brightness, and contrast of images.

Cell counting and statistics

Cells in the neural tube were counted using Simple PCI software. A total of 15 neural tube
sections from 3 Arl13b"" embryos were counted, and a total of 12 neural tube sections from
3 WT embryos were counted. The number of cells stained with BrdU (S phase) and the
number of cells stained with phosphohistone H3 (M phase) were normalized to the total
number of cells in the neural tube (stained with Hoechst). Statistical differences between
WT and Arl13b"™ were determined with a 2-tailed Student’s t-test.
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Results and discussion

Wnt ligands are abnormally expressed in the Arl13b""" neural tube, but downstream
canonical Wnt signaling is normal

Two Whnt ligands are expressed in the neural tube roof plate, Wntl and Wnt3a, and their
combined loss results in lowered Math1 expression and loss of Ngn1 expression
(Muroyama, et al., 2002;Parr, et al., 1993). Wnt1 is aberrantly expressed in the Arl13phn
neural tube; caudal to the forelimb, Wnt1 is expressed in discontinuous patches, with a
region near the hindlimb showing complete loss of expression (Caspary, et al., 2007). We
found that Wnt3a is also discontinuously expressed and absent in the Arl13b"" caudal
neural tube (Fig. 1A, B). Since both Wnt ligands are lost in the same region, we next
explored whether canonical Wnt signaling is disrupted in Arl13b"™ mutant embryos.
Canonical Wnt signaling can be visualized with tools that detect TCF/LEF transcription
factor activity, the mediators of canonical Wnt signaling. In BATgal transgenic mice
(Maretto, et al., 2003), seven TCF sites are fused to the lacZ gene to allow in vivo
observation of canonical Wnt signaling via analysis of p-galactosidase activity. To analyze
canonical Wnt signaling in Arl13b"™ mutants, we obtained E9.5, E10.5, and E11.5 wild-
type (WT) and Arl13b"™ embryos carrying the BATgal transgene and stained them with X-
gal. Canonical Wnt signaling was present at similar levels, places, and times in all WT and
Arl13b"M mutants examined, in both whole embryos and neural tube sections at the
hindlimb level (Fig. 2). In the WT caudal neural tube, canonical Wnt signaling is observed
throughout most of the dorsal-ventral axis of the neural tube at E9.5 (Yu, et al., 2008), but
by E10.5 and E11.5, canonical Wnt signaling is largely restricted to the dorsal-most third of
the neural tube (Fig 2). In Arl13b"" mutants, Wnt signaling is likewise observed throughout
the neural tube at E9.5 and limited to the dorsal neural tube at E10.5 and E11.5 (Fig. 2).

Another global measure of canonical Wnt signaling is expression of Axin2, a direct
transcriptional target of canonical Wnt signaling (Jho, et al., 2002). The expression of Axin2
in whole embryos and neural tube sections is indistinguishable between WT and Arl13bnn
mutants (Fig. 1C, D). Moreover, canonical Wnt signaling controls the expression of Olig3,
and we see that Olig3 protein is present at the correct time and place in the Arl13b"™" dorsal
neural tube (Fig. 1E-H). Since Olig3 is required to specify dI2 and dI3 interneurons (Muller,
et al., 2005;Zechner, et al., 2007), we next examined whether these neurons are present in
the Arl13b"" neural tube using homeodomain transcription factors that are differentially
expressed in postmitotic neurons (Helms and Johnson, 2003;Qian, et al., 2002). We found
that Foxd3* (d12) and TIx3* (dI3 and dI5) cells are specified in the Arl13b"" neural tube,
although their patterning within the neural tube is not as precisely ordered as in WT (Fig 1E-
H). For instance, the separation between di3 and dI5 neurons is sharply distinct in WT, but
appear to be more of a continuum in Arl13b"" (Fig. 1H).

In addition to cell fate, Wnt signaling controls cell proliferation in the neural tube (Cayuso
and Marti, 2005;Dickinson, et al., 1994;Megason and McMahon, 2002). Arl13b"™ mutants
do not show gross errors in cell proliferation (Caspary, et al., 2007). However, to detect any
subtle changes in cell proliferation, we quantified the number of proliferating cells in WT
and Arl13b"" neural tubes by staining for BrdU, which marks S phase, and phospho-histone
H3, which marks M phase, and normalized to the total number of cells in the neural tube
(Fig. 3). We did not observe any difference in the number of cells in S phase (p = 0.29) or M
phase (p = 0.08) in WT and Arl13b"" neural tubes (Fig. 3C). Taken together, these results
indicate that, despite abnormal ligand expression, canonical Wnt signaling is unaffected in
Arl13b"™ mutants.
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BMP signaling is aberrant in the Arl13bh"" dorsal neural tube

Since Wnt ligand expression is disrupted in the Arl13b"™" roof plate, we next explored
whether TGFp ligand expression is similarly disrupted. Several TGFp ligands are expressed
in the roof plate, including Bmp4, Bmp6, Bmp7, and Gdf7. The role of individual TGF
ligands in dorsal neural tube patterning has remained elusive, due to functional redundancy
or early embryonic lethality (Beppu, et al., 2000;Dudley, et al., 1995;Dudley and Robertson,
1997;Luo, et al., 1995;Lyons, et al., 1995;Mishina, et al., 1995;Winnier, et al., 1995;Zhang
and Bradley, 1996). The exception is loss of Gdf7, which results in loss of dl1a neurons
(Lee, et al., 1998). Since loss of Gdf7 alone is sufficient to cause dorsal neural tube
patterning defects, we used in situ hybridization to examine its expression in WT and
Arl13b"M mutant embryos. We observed specific and strong staining in the WT neural tube
along the entire rostral-caudal axis (Fig. 4A, C). Similar to the Wnt ligands, expression of
Gdf7 is largely absent and discontinuous in the caudal neural tube of Arl13b"" mutant
embryos (Fig. 4B, D).

To see whether the abnormal Gdf7 expression has downstream effects in Arl13b"" mutants,
we next examined several BMP targets. An established read-out of BMP signaling is
transcription of Msx-1, a homeobox transcription factor that acts as an effector of BMP
signaling and whose expression is directly upregulated in response to BMP signaling
(Furuta, et al., 1997;Liem, et al., 1997;Liu, et al., 2004). We observe similar levels of Msx-1
in the limb buds and pharyngeal arches of WT and Arl13b"™ mutant embryos, but Msx-1
expression is discontinuous and largely absent in the caudal neural tube of Arl13b"" mutant
embryos (Fig. 4E-H). Furthermore, BMP signaling is required for the specification of dI1
interneurons, and we found that expression of Lhx2, which marks di1s, is discontinuous in
the caudal neural tube (Fig. 41-L). Together with the previous observations that Math1,
Whntl, and Wnt3a expression are disrupted, these results indicate that BMP signaling is
aberrant in the dorsal neural tube of Arl13b"™ mutants. These results are consistent with
other mutants in which BMP signaling is lost, since total elimination of BMP receptors in
the roof plate results in the loss of Mathl and dl1s (Wine-Leeg, et al., 2004). Furthermore, the
discontinuous expression of Wnt1 and Wnt3a in the Arl13b"" roof plate may stem from the
disruption in BMP signaling, since BMP signaling mutants show reduced expression of Wnt
ligands (Wine-Lee, et al., 2004).

Arl13b is required non-autonomously for BMP signaling and Wnt ligand expression

Since interactions between the Shh signaling pathway and dorsal signaling pathways are
necessary to establish proper patterning of the neural tube, it is possible that the disruption
of Shh signaling in the Arl13b"™" neural tube indirectly disrupts BMP signaling and thus
dorsal patterning. Alternatively, Arl13b might be directly required in the dorsal neural tube
for BMP signaling and Wnt ligand expression. To distinguish these two possibilities, we
used our conditional Arl13b allele, Arl13bY2%P in which LoxP sites flank the second exon of
Arl13b, so that upon Cre-mediated recombination exon 2 is excised, resulting in a mutation
that mimics the null hnn mutation (Su, et al., in preparation). We removed Arl13b
exclusively in the dorsal neural tube by crossing Arl13b-2%F mice to mice that express Cre
recombinase under the control of the Pax3 promoter (Engleka, et al., 2005). Pax3 is
expressed starting from E8.5, just as neurogenesis begins (Solloway and Robertson, 1999),
and becomes restricted to the dorsal-most third of the dorsal neural tube. This cross also
generated the appropriate control embryos that carry the Arl13b-9%" conditional allele alone,
or the Pax3-cre transgene alone.

Pax3-cre-mediated recombination occurs by E9.5, and Arl13b protein is

removed in the dorsal neural tube beginning at E9.5—To monitor the spatial and
temporal activity of Pax3-cre, we used the ROSA26 reporter, in which a STOP sequence
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flanked by loxP sites is upstream of the lacZ gene (Soriano, 1999). Upon Cre-mediated
recombination, B-galactosidase is expressed and can be visualized with X-gal staining. Thus,
the ROSA26 reporter shows not only when and where Cre recombinase is expressed, but
also the length of time necessary for recombination to occur. We crossed mice carrying
Pax3-cre to the ROSA26 reporter line and dissected embryos at E8.5, E9.5, and E10.5. We
did not detect recombination at E8.5, but at E9.5 and E10.5 B-galactosidase activity was
observed in the neural tube, midbrain, hindbrain, somites, pharyngeal arches, and
frontonasal prominence (Supplemental Fig. 2). Neural tube sections taken at the forelimb
and hindlimb levels of X-gal-stained embryos show that recombination occurs only in the
dorsal neural tube (Supplemental Fig. 2).

To detect when Arl13b protein is removed from the dorsal neural tube, we crossed mice
carrying our Arl13b-9%P conditional allele to mice carrying Pax3-cre and dissected embryos
at E9.5, E10.5, and E11.5. Neural tube sections of Arl13bAPax3-Cre and control embryos were
stained with antibodies against Arl13b and Cre. At E9.5 Cre recombinase is restricted to
cells in or around the roof plate (Fig 5B). Arl13b protein can be visualized in the ventricular
zone along most of the dorsal-ventral axis of the neural tube; however, where Cre is
expressed, loss of Arl13b is already apparent (Fig. 5B). In E10.5 and E11.5 neural tube
sections at the hindlimb level, Arl13b is absent where Cre is expressed, in the dorsal-most
one third to one half of the neural tube (Fig. 5C-F). In summary, Pax3-cre drives expression
of Cre recombinase at E8.5, recombination occurs in the neural tube by E9.5, and Arl13b
protein is lost in the dorsal neural tube by E9.5-E10.5.

Based on these data and previous studies, we can make predictions regarding the embryonic
stage at which we would expect to see a phenotype in our conditional mutants. To
demonstrate that the roof plate is a source of signaling molecules necessary for dorsal
interneuron specification, (Lee, et al., 2000) conditionally ablated the roof plate by driving
the expression of diphtheria toxin in the roof plate via the Gdf7 promoter. Gdf7 is expressed
at E9.5-E10.0 (Lee, et al., 2000). Prior to Gdf7 expression and roof plate formation, Msx1,
Wntl, and Wnt3a are expressed in dorsal midline cells, presumably due to BMP signaling
from the epidermal ectoderm. When the roof plate was removed at E9.5-E10.0, expression
of Msx1, Wntl, and Wnt3a was lost by E11.0. In another study, BMP receptors were
removed in the neural tube at E9.5-E10.0 to completely eliminate BMP signaling (Wine-
Lee, et al., 2004). In these mutants, Math1 was expressed at E10.0, but lost by E10.5. These
studies demonstrate that BMP signaling is required to maintain expression of dorsal
patterning genes. Since the expression of genes that rely on BMP signaling was disrupted
about 0.5-1 day after BMP signaling was removed in the above studies, we would expect to
see any dorsal phenotypes in Arl13bAPax3-cre empryos between E10.5-E12.5.

Removing Arl13b exclusively in the dorsal neural tube permits proper Shh
signaling in the ventral neural tube—The ability to distinguish whether loss of Arl13b
directly or indirectly disrupts dorsal neural tube patterning depends on our prediction that
selectively removing Arl13b in the dorsal neural tube will permit proper Shh signaling in the
ventral neural tube. To ensure that ventral patterning is normal in Arl13bAPax3-cre empryos,
we dissected Arl13bAPax3-cre empryos at E10.5 and E11.5 and stained neural tube sections
with antibodies against HB9 and Olig2, which mark motor neurons (MNs) and progenitors
of motor neurons (pMNs), respectively (Arber, et al., 1999;Novitch, et al., 2001). In
Arl13b"™ mutant embryos, MNs and pMNs are dramatically expanded from their restricted
domains in the ventral neural tube both ventrally and dorsally (Fig. 5G) (Caspary, et al.,
2007). When Arl13b is removed only in the dorsal neural tube, however, we see that the
domains of MNs and pMNs are identical to WT, confirming that Shh signaling and ventral
patterning is normal in Arl13b2PaX3-Cre embryos (Fig. 5H-K).
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Conditional loss of Arl13b results in postnatal death at PO—Arl13b"" embryos
have several morphological defects, including exencephaly and spina bifida, and they die
between E13.5-E14.5 (Caspary, et al., 2007). To determine whether Arl13pAPax3-cre
embryos are viable, we performed timed matings and examined embryos at specific stages,
as well as just after birth. We found Arl13b4PaX3-Cre embryos have no overt morphological
defects and are indistinguishable from WT during embryogenesis (Table 1). However, at
birth most Arl13bAPax3-cre nyps died after an episode of observable gasping. We examined
the internal organs of 2 of the Arl13bAPax3-cre mytants just after death and found that the
stomachs contained air bubbles, consistent with a breathing problem. We did see one
Arl13bAPax3-cre nyp syrvive, indicating that escapers can occur; however, this mouse was
severely runted and died by postnatal day 21. Therefore, Arl13bAPax3-Cre mytants die shortly
after birth at PO, likely due to a breathing problem.

Arl13b is not directly required in the dorsal neural tube for BMP signaling or
Wnt ligand expression—If the observed Arl13b"™ dorsal patterning defects are
indirectly caused by disrupted Shh signaling, then removing Arl13b exclusively in the dorsal
neural tube will allow normal dorsal signaling and patterning in the conditional
Arl13bAPax3-cre mytants. Alternatively, if Arl13b is directly required in the dorsal neural
tube, then loss of Arl13b in the dorsal neural tube will result in the dorsal signaling and
patterning defects observed in Arl13b"™ mutants (Figs. 1 and 4). We monitored BMP
signaling via expression of Msx1, Mathl, Gdf7, and Lhx2, as described above. In addition,
we examined dorsal patterning via expression of Wntl, Wnt3a, and Mash1.

The expression patterns of Msx1 and Math1 were examined in whole Arl13bAPax3-cre mytant
embryos and their sibling controls from E10.5-E13.5. Unlike Arl13b"" mutants, where
expression of these markers is discontinuous in the caudal neural tube, both Msx1 and Math1
are expressed continuously and at similar levels in the caudal neural tube of Arl13pAPax3-cre
mutant embryos and their littermate controls at all stages examined (Fig. 6). There was some
variation between experiments in the posterior boundary of expression (number of somites
from the tip of the tail), but there was no consistent correlation between genotype and the
posterior limit of expression. In addition, neural tube sections of E11.5 and E12.5 embryos
taken at the hindlimb level show that the pattern of Msx1 and Math1 expression along the
dorsal-ventral axis of the neural tube is similar in Arl13bAPa3-Cr¢ mytant and control
embryos (Fig. 6). Since Lhx2 marks differentiated dl1s, we examined embryos at slightly
later stages, E12.5-E14.5. In all embryos and at all stages examined, we detected no
difference in the level of staining or pattern of Lhx2 expression between Arl13pAPax3-cre
mutant and control embryos (Fig. 7).

Since we interpreted the abnormal Msx1, Math1, and Lhx2 expression in Arl13b"™ embryos
to result from the lack of Gdf7 ligand, their presence in the conditional mutants predicts that
Gdf7 expression should be normal. Indeed, Gdf7 is expressed continuously and at similar
levels in all Arl13bAPax3-cre mytant and control embryos examined (Fig 8A-D). Finally, we
examined Wntl, Wnt3a, and Mash1 expression at E11.5 and E12.5 in Arl13hAPax3-cre
mutant and control embryos. Despite the abnormal expression of these genes in the
Arl13b"n dorsal neural tube, we detected no differences in the level or expression pattern of
any of these genes between Arl13bAPax3-cre mytant and control embryos (Fig. 8E-P).

Taken together, these data demonstrate that cells in the dorsal neural tube do not require
Arl13b for TGF signaling or Wnt ligand expression, and the Arl13b"" dorsal neural tube
defects are non-autonomous. Therefore, the dorsal patterning defects observed in Arl13p"™
embryos are an indirect consequence of the abnormal Shh signaling environment in these
embryos.
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Subtle changes in Gli activator/Gli repressor ratios could influence BMP signaling

Shh signaling is mediated at the transcriptional level by three proteins in vertebrates: Glil,
Gli2, and Gli3 (Matise and Joyner, 1999). Glil behaves only as a transcriptional activator,
while Gli2 and GIi3 can act as both transcriptional activators and repressors (Aza-Blanc, et
al., 2000;Jacob and Briscoe, 2003). The graded response of cells in the ventral neural tube to
Shh is mediated by the ratio of Gli activator (GliA) to Gli repressor (GliR) activity
[reviewed in (Ribes and Briscoe, 2009)]. In mouse mutants that completely lack cilia, there
is a loss of both GliA and GIiR activity in the neural tube (Huangfu and Anderson,
2005;Liu, et al., 2005;May, et al., 2005). However, the unique cilia defect of Arl13b"M has
unique consequences for Shh signaling. Unlike total-loss-of-cilia mutants, GliR activity is
intact in Arl13b"" mutants, because ventral cell fates are dorsally expanded when GIiR is
removed in Arl13b"" /Gli3 double mutants (Caspary, et al., 2007). At the same time, GliA
is not properly modulated in Arl13b"™ mutants, since cells that require the highest or lowest
levels of Shh are not specified; instead, cells that require intermediate GliA activity (i.e.,
MNs) are expanded dorsally and ventrally (Caspary, et al., 2007). Thus, the dorsal
expansion of Shh signaling in the Arl13b"™ neural tube corresponds to an increase in the
ratio of GIIA/GIiR in lateral and dorsal neural cells (Caspary, et al., 2007).

To directly examine the levels of GliA and GIiR in the Arl13b"™ neural tube, we performed
in situ hybridization with antisense probes for Gli1 and Gli3 on WT and Arl13b"™ caudal
neural tube sections, since Glil can only be an activator and Gli3 is the predominant
repressor in the neural tube. Consistent with previous data, we find that Gli3 is properly
expressed in the Arl13b™" dorsal neural tube at levels similar to those observed in WT (Fig.
9E-H). However, the pattern of Glil expression differs between WT and Arl13b"™ embryos:
in WT embryos, Glil expression is excluded from the dorsal-most cells of the neural tube
(Fig. 9A, C), while in Arl13b"" embryos, expression of Glil is shifted dorsally and enriched
in the dorsal neural tube (Fig 9B, D). Together with previous findings, these data
demonstrate that the balance of GliA/GIiR repressor is shifted in the Arl13b"™ dorsal neural
tube.

The mechanism by which the abnormal Shh signaling environment causes the observed
dorsal phenotypes remains unclear, but it is likely related to cross-talk among signaling
pathways. The abnormal Gdf7 expression and aberrant BMP signaling in Arl13b"" mice are
reminiscent of the situation in another mouse mutant, where ectopic Gli2 activator prevents
expression of the BMP ligands BMP7 and Gdf7 (Cho, et al., 2008). Like Arl13b"™", this
mutation affects a ciliary protein, Fkbp8, and the mutants have aberrant BMP signaling as
measured by loss of Mathl and Lhx2 expression and a reduction in Msx1/2 protein levels
(Cho, et al., 2008); however, there are important distinctions between the Arl13b"" and
Fkbp8 phenotypes. In Fkbp8 mutants, the most ventral cell types requiring the highest levels
of Gli activator (FP and V3 interneurons) are expanded dorsally. Both the dorsal expansion
of ventral cell types and disruption of BMP signaling are abolished in Fkbp8/Gli2 double
mutants, indicating that ectopic Gli2 activator is principally responsible for the Fkbp8
phenotype (Cho, et al., 2008). In contrast, the phenotype of Arl13b"" mutants is not
consistent with an increase in the highest levels of Gli2 activator; instead, the dorsal and
ventral expansion of intermediate cell types (MNSs) are consistent with constitutive,
intermediate-level activation of Gli (Caspary, et al., 2007). Furthermore, removing the major
Gli activator in the Arl13b"" mutant background (via Arl13b""/Gli2 double mutants) does
not rescue all the Arl13b"™ patterning defects (Caspary, et al., 2007). Specifically, the
dorsal expansion of MNs persists in Arl13b""/Gli2 doubles, illustrating that ectopically
active Gli2 in the Arl13b"" neural tube is not sufficient to explain the loss of BMP ligand
expression. Since Glil was found to be dorsally enriched in Arl13b"™ and Gli1 also
promotes the differentiation of MNs (Ruiz i Altaba, 1998), the dorsal expansion of MNs in
Arl13b""/Gli2 double mutants is likely due to changes in the position and/or activity of Glil

Dev Biol. Author manuscript; available in PMC 2012 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Horner and Caspary

Page 10

activator. Thus, one interpretation of these data would posit a new role for Shh signaling in
the modulation of the BMP signaling pathway: namely, that ectopic Glil activator activity
can prevent Gdf7 expression and disrupt BMP signaling.

Normal Wnt response in the absence of ligand may reveal sensitivity of B-catenin

Most enigmatic is our result showing canonical Wnt signaling occurs normally in the
absence of ligand in the Arl13b"™ neural tube. Since Wntl and Wnt3a are expressed in the
rostral neural tube and in portions of the caudal neural tube, one possibility is that Wnt
ligands from one area diffuse into regions lacking Wnt ligand in the Arl13b"" caudal neural
tube; however, this seems unlikely, given that Wnts are secreted glycoproteins that are
bound by the extracellular matrix and diffuse over a distance of just a few cell diameters
(Bradley and Brown, 1990;Gonzalez, et al., 1991;van den Heuvel, et al., 1989). Another
possibility is that early Wnt signals from the surface ectoderm are normal, allowing the Wnt
response to be maintained in the dorsal neural tube over time in the absence of ligand, but
conditional loss of B-catenin at E9.5, after the neural tube has formed, results in loss of
Olig3 expression by E12.5 (Zechner, et al., 2007), a time point at which we still see normal
Olig3 in Arl13b"" mutants (Fig. 1F, H.) A third possibility is that a downstream signaling
component, such as p-catenin, is not properly regulated in Arl13b"™ mutants. Misregulation
of B-catenin has been shown to occur in cells that lack cilia (Corbit, et al., 2008) or basal
body proteins (Gerdes, et al., 2007). While it is well established that cilia are required for
non-canonical Wnt signaling (Gerdes, et al., 2007;Jones, et al., 2008;Ross, et al., 2005), the
data surrounding cilia and canonical Wnt signaling remain controversial. Several
components of the canonical Wnt pathway physically localize to cilia, including B-catenin
and a negative regulator of canonical Wnt signaling, the APC complex (Corbit, et al., 2008).
Further, the inactive, phosphorylated form of B-catenin localizes to the base of the cilium,
suggesting that the cilium directly restrains Wnt signaling (Corbit, et al., 2008). Nonetheless,
studies that test this hypothesis using mouse mutants or cells derived from mouse mutants
have yielded different results. For instance, cells in culture that either completely lack cilia
or have shortened cilia show hyper-responsive activation of the canonical Wnt pathway in
response to Wnt3a stimulation in one study (Corbit, et al., 2008), but not in others (Ocbina,
etal., 2009). If cilia are required to restrain canonical Wnt signaling, our results might be
explained simply by the short cilia in Arl13b"" mutants. In this scenario, the short cilia
cause active B-catenin to be stabilized in the cytoplasm of Arl13b"™" mutant cells, allowing
Whnt signaling to occur in the absence of ligand. If this hypothesis is correct, we predict that
in Arl13b4Pax3-cre conditionals, which show normal Wnt ligand expression, we will see
hyper-responsive canonical Wnt signaling. To test this hypothesis, we examined Axin2
expression in our conditional mutants. At E11.5, Axin2 expression is identical in
Arl13p4Pax3-cre conditionals and controls, both in whole embryos and neural tube sections
(Fig. 10). Even though this result is not consistent with cilia being required to restrain
canonical Wnt signaling, there is the possibility of a more indirect relationship, in which the
abnormal cilia in Arl13b"™ disrupts non-canonical Wnt (PCP) signaling, which in turn
stabilizes B-catenin and affects canonical Wnt signaling (Brembeck, et al., 2004;Schwarz-
Romond, et al., 2002).

A final possibility to explain how canonical Wnt signaling could occur in the absence of
ligand in the Arl13b"M neural tube is that, as with the BMP signaling defects, the abnormal
Shh signaling environment is principally responsible. The physical interaction between Gli3
repressor and B-catenin allows us to put forward one speculative model of how Wnt
signaling might occur in the absence of both Wnt ligands in the Arl13b"" dorsal neural
tube. Normally, there is a delicate balance in the dorsal neural tube between the level of Shh
signaling, the amount of Gli3R, and Wnt signaling. Excessive Gli3R inhibits canonical Wnt
signaling by binding to the active form of p-catenin (Ulloa, et al., 2007). This situation

Dev Biol. Author manuscript; available in PMC 2012 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Horner and Caspary

Page 11

occurs in Shh null embryos, because most of the available Gli3 is processed to become
Gli3R (Ulloa, et al., 2007). This implies that in WT embryos, Shh signaling in the dorsal
neural tube regulates the available Gli3R, so there is sufficient free active p-catenin for Wnt
signaling. In Arl13b"™ mutants, increased GliA activity in the dorsal neural tube might
effectively lower the amount of Gli3R. Although not sufficient to abolish Gli3R activity, this
may tip the balance enough to free some active p-catenin, permitting Wnt signaling or the
maintenance of Whnt response in the absence of ligand.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Normal Wnt response in the absence of Wnt ligands in Arl13phnn embryos

(A-D) Expression of Wnt3a (A and B) and Axin2 (C and D) in whole E10.5 WT and
Arl13b"" embryos. The Arl13b"™ embryos pictured here all exhibit mild to moderate spina
bifida in the caudal neural tube. Only Wnt3a is abnormally expressed in Arl13b"" embryos;
it is absent from most of the Arl13b"™ caudal neural tube. This was previously shown for
the other Wnt ligand in the RP, Wnt1 (Caspary, et al., 2007). Scale bars in A-D represent
approximately 300 microns.

(C’, D’) Caudal neural tube sections showing Axin2 expression in the dorsal neural tube of
E10.5 WT and Arl13b"" embryos, respectively. Scale bars represent approximately 50
microns.

(E-H) Comparison of the distribution of Olig3 (green) and neuronal subtypes d12 (marked
by Foxd3, red) and d13/dI5 (marked by TIx3, red) in E12.5 WT and Arl13b"™ caudal neural
tube sections. Olig3 is similarly distributed in the caudal neural tube of E12.5 WT and
Arl13b"" embryos. Foxd3* (d12) and TIx3* (dI3/d15) cells are observed in Arl13b"",
although the pattern is different from WT. Scale bars represent approximately 50 microns.
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Figure 2. The BATgal reporter shows equivalent canonical Wnt signaling in WT and Arl13phnn
embryos

(A-F) Ventral view of E9.5 (A and B), E10.5 (C and D), and E11.5 (E and F) WT and
Arl13b"™ embryos carrying the BATgal transgene and stained for lacZ activity.

(G-L) Corresponding neural tube sections of the above embryos at the hindlimb level. Scale
bars in A-F represent approximately 300 microns. Scale bars in G-L represent approximately
50 microns.

Dev Biol. Author manuscript; available in PMC 2012 July 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Horner and Caspary

Page 19

40 - hnn |

35 1
30 -
25 1
20 4
15 1
10 -

Normalized cells (%)

S phase M phase

Figure 3. Equivalent cell proliferation in the neural tube of WT and Arl13phnn embryos

(A-B) E10.5 WT (A) and Arl13b"n (B) neural tube sections stained with antibodies against
phospho-histone H3 (in red) and BrdU (in green). All cells in the neural tube are stained
with Hoechst (blue). Scale bars represent approximately 50 microns.

(C-D) Quantification of the number of cells staining with phospho-histone H3 (in M phase)
and the number of cells staining with BrdU (in S phase). Cells were counted in 12 neural
tube sections from 3 WT embryos and 15 neural tube sections from 3 Arl13b"" embryos.
To account for neural tube size differences, the number of cells in S phase and M phase
were normalized to the total number of cells in the neural tube and expressed as a
percentage.
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Figure 4. BMP signaling is disrupted in Arl13p"n embryos

(A-D) Expression of the BMP ligand Gdf7 is discontinuous/absent in the caudal neural tube
of E10.5 Arl13b" embryos. C and D are higher-magnification views of the region of
interest.

(E-L) Expression of the BMP pathway target genes Msx1 (E-H) and Lhx2 (I-L) is
discontinuous/absent in the caudal neural tube of E10.5 and E12.5 Arl13b"™ embryos,
respectively. G, H, K, and L are higher-magnification views of the region of interest. Scale
bars represent approximately 300 microns.
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Figure 5. In Arl13b4P@X3-Ce empryos, Arl13b is deleted in the dorsal neural tube, and ventral
patterning is normal

(A-F) Caudal neural tube sections of E9.5 (A and B), E10.5 (C and D), and E11.5 (E and F)
control and Arl13b4Pax3-cre (CKO) embryos stained with anti-Arl13b (green) and anti-Cre
(red). Arl13b is particularly apparent in cells that line the ventricular zone. Control embryos
lack Cre recombinase.

(G-K) Caudal neural tube sections of E10.5 Arl13b"" (G), E10.5 control and
Arl13b4Pax3-¢"¢ (H and 1), and E11.5 control and Arl13b4Pax3-cre (J and K) embryos stained
with anti-Olig2 (green) and anti-HB9 (red). Olig2 marks motor neuron progenitors, and HB9
marks motor neurons. Scale bars represent approximately 50 microns.
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Figure 6. Msx1 and Math1 are expressed normally in Arl1304P2X3-Ce empryos

(A-P) Expression of Msx1 (A, B, E, F, I, J, M and N) and Mathl (C, D, G, H, K, L, O and P)
in whole control (Cntrl) and Arl13b4Pax3-cre (CKO) embryos at E10.5 (A-D), E11.5 (EH),
E12.5 (I-L), and E13.5 (M-P). Scale bars represent approximately 300 microns. (Q-X)
Neural tube sections of the above embryos, taken at the hindlimb level of E11.5 (Q-T) and
E12.5 (U-X) control and Arl13b4Pax3-cre (CKQO) embryos. Scale bars represent

approximately 50 microns.
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Figure 7. Lhx2 is expressed normally in Arl1354P2x3-Cre embryos

(A-F) Expression of Lhx2 in whole control (Cntrl) and Arl13b4Pax3-cre (CKO) embryos at
E12.5 (A and B), E13.5 (C and D), and E14.5 (E and F). Scale bars represent approximately
300 microns.
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Figure 8. Both the BMP and Wnt ligands and the dorsal marker Mash1 are expressed normally
in Arl13p4Pax3-cre empryos

(A-D) Gdf7 expression in E11.5 (A and B) and E12.5 (C and D) control (Cntrl) and
Arl13p4Pax3-cre (CKO) embryos.

(E-L) Wntl (E-H) and Wnt3a (I-L) expression in E11.5 (E, F, I, J) and E12.5 (G, H, K, L)
control (Cntrl) and Arl13b4Pax3-cre (CKQ) embryos.

(M-N) Mash1 expression in E11.5 (M and N) and E12.5 (O and P) control (Cntrl) and
Arl13p4Pax3-cre (CKO) embryos. Scale bars represent approximately 300 microns.
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Figure 9. The ratio of GliA/GIiR is disrupted in Arl13b"™ embryos

(A-D) Gli1 expression in E10.5 WT (A, C) and Arl13b"™ (B, D) caudal neural tube
sections. Sections C and D are slightly more rostral than A and B. (E-H) Gli3 expression in
E10.5 WT (E, G) and Arl13b"" (F, H) caudal neural tube sections. Sections G and H are
slightly more rostral than E and F. Scale bars represent approximately 50 microns.
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Figure 10. AXin2 is not overexpressed in Arl13b4PaX3-Cre empryos

(A and B) Axin2 is expressed at identical levels in E11.5 control (Cntrl) and
Arl13b4Pax3-r¢ (CKO) embryos. Scale bars represent approximately 300 microns.

(C and D) Neural tube sections taken at the hindlimb level of the above control (Cntrl) and
Arl13p4Pax3-cre (CK Q) embryos. Scale bars represent approximately 50 microns.
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