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Tubby-like protein 3 (TULP3) is required for proper embryonic development in mice. Disruption of mouse
Tulp3 results in morphological defects in the embryonic craniofacial regions, the spinal neural tube and
the limbs. Here, we show that TULP3 functions as a novel negative regulator of Sonic hedgehog (Shh) signal-
ing in the mouse. In Tulp3 mutants, ventral cell types in the lumbar neural tube, which acquire their identities
in response to Shh signaling, are ectopically specified at the expense of dorsal cell types. Genetic epistasis
experiments show that this ventralized phenotype occurs independently of Shh and the transmembrane
protein Smoothened, but it is dependent on the transcription factor Gli2. The ventralized phenotype is also
dependent on the kinesin Il subunit Kif3A, which is required for intraflagellar transport and ciliogenesis. In
addition, TULP3 is required for proper Shh-dependent limb patterning and for maintaining the correct balance
between differentiation and proliferation in the neural tube. Finally, the localization of TULP3 to the tips of

primary cilia raises the possibility that it regulates the Hedgehog pathway within this structure.

INTRODUCTION

Sonic hedgehog (Shh) is a member of the Hedgehog (Hh)
family of secreted ligands, which control a number of develop-
mental processes in vertebrates (1—4). In adults, dysregulated
Hh signaling leads to cancers of the brain, skin and digestive
tract (5). Despite the importance of this pathway in human
development and disease, the mechanism of mammalian Hh
signal transduction remains unclear.

Hh signal transduction is best understood in Drosophila
(reviewed in 6). In flies, Hh acts by binding to its transmem-
brane receptor Patched (Ptc), preventing Ptc from antagoniz-
ing a second transmembrane protein, Smoothened (Smo) (7).
Inhibition of Ptc allows Smo to transduce signals through a
protein complex containing the atypical kinesin Costal-2,
Fused kinase and the transcription factor Cubitus interruptus
(Ci) (8). Hh signaling blocks the proteolytic cleavage of Ci,
whose truncated form represses target gene expression. In
the presence of ligand, full-length Ci translocates to the
nucleus and activates Hh target genes (9).

Characterization of vertebrate homologs of Drosophila Hh
pathway components suggests broad conservation of the
mechanism. However, recent studies point to several differ-
ences between the pathways acting in mice and flies (10,11).
For example, it appears that mouse fused and costal-2 homo-
logs do not play roles analogous to those in flies (12,13) and
the vertebrate pathway has been shown to require a number
of components, such as Rab23, MIM/BEG4, Hipl, SIL,
Gasl, Talpid3 and B-arrestin 2, which do not appear to have
conserved functions in the Drosophila pathway (14—20).
Recent work has also demonstrated that a number of factors
participating in intraflagellar transport (IFT), a process essen-
tial for ciliogenesis, are also required for Hh signaling in mice
(21-25), suggesting that the primary cilium is a key signaling
center for the mammalian Hh pathway. The Gli proteins and a
Gli antagonist, Suppressor of Fused (Sufu), localize to the tips
of primary cilia (26). In addition, Patchedl (Ptchl) and Smo
differentially localize to cilia in mammalian cells depending
on exposure to Shh ligands (27-29). However, the steps in
signal transduction downstream of Smo regulating the activity
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of the GIli transcription factors in the mouse are not under-
stood.

Shh signaling plays a key role in the growth and patterning
of many vertebrate tissues such as the limb and neural tube
(reviewed in 30,31). In the developing limb, Shh, produced
by a patch of cells in the posterior mesenchyme called the
zone or polarizing activity, regulates gene expression and
digit identity along the anterior—posterior (A—P) axis. In the
developing neural tube, Shh patterns cell fates along
the dorsal—ventral (D—V) axis. Shh ligand is produced from
the notochord lying ventral to the neural tube and is distributed
in a ventral-to-dorsal gradient (32,33). Progenitor cells are
exposed to varying concentrations of Shh and they respond
by adopting distinct identities. For example, cells closest to
the source of Shh experience the highest level of signaling
and are specified as floor plate, whereas more distant cells
experience lower levels and develop into ventral interneuron
and motor neuron progenitors (34).

Several novel Shh signaling components have been discov-
ered in mice as a result of neural tube patterning defects in
mutants. We have identified Tubby-like protein 3 (TULP3)
as one such component. 7ulp3 was originally identified
through sequence homology to Tubby (Tub), a gene whose dis-
ruption results in obesity and sensory neurodegeneration in the
adult mouse (35,36). Deletion of the Tubby domain of mouse
Tulp3 is embryonic lethal, resulting in severe defects such as
impaired neural tube closure and craniofacial abnormalities
(37). These defects are also observed in other mouse
mutants that exhibit upregulated Shh signaling (14,25,38),
raising the possibility that TULP3 functions in Shh signaling.
Here we show that TULP3 is required to antagonize the Shh
pathway and we provide evidence that TULP3 inhibits Gli2
activity in an IFT-dependent manner at a step downstream
of Shh and Smo. Findings similar to ours have been made
for a strong hypomorphic allele of Tulp3, Tulp3 hhkr (patterson
et al., submitted for publication). In addition, the subcellular
localization of TULP3 protein suggests that it acts within
the primary cilium to restrict Gli2 activity in the absence of
Shh ligand.

RESULTS
TULP3 regulates cell identity in the spinal neural tube

Tulp3™!7/n&’ ™m17ng mutant embryos arrest on or before embryo-
nic day 14.5 (E14.5) and exhibit defects including exence-
phaly, spina bifida, defective eye development and enlarged
branchial arches (Fig.1A, 37). Tulp3 mutants also displayed
anterior outgrowth of the autopods indicative of polydactyly;
cartilage staining confirmed the presence of one to two
additional digits (Fig. 1B). These features are similar to
those arising from mutations such as Rab23°7"? or Thml",
which exhibit inappropriate activation of the Shh signaling
pathway (14,25), suggesting that Tulp3 is also required to
inhibit this pathway in mice.

Because Shh signaling has been extensively characterized in
D-V patterning of the neural tube, we investigated this aspect
in Tulp3 mutant embryos. In the lumbar neural tube of E10.5
Tulp3 mutants, Shh-dependent ventral cell types were ectopi-
cally specified at the expense of lateral and dorsal cell types
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Figure 1. The Tulp3 mutant phenotype. (A) E13.5 wild-type and Tulp3
mutants. The mutants exhibited neural tube closure defects (white arrow-
heads), eye defects (black arrow) and abnormal anterior outgrowth in the
limbs (black arrowhead). (B) Alcian blue staining of E13.5 forelimbs revealed
an additional anterior digit in the mutant limb (arrowhead). (C) E10.5 pos-
terior neural tube sections from wild-type and Tulp3 embryos stained for
Pax7, Dbx2, Msx1/2, Pax6, Nkx6.1, HB9, Olig2, FoxA2 and Brn2. Sections
were counterstained with DAPI (blue). Scale bars are 50 pm.

(Fig. 1C). Specifically, FoxA2, Nkx2.2, Nkx6.1 (markers of
floor plate, p3 and p3/pMN/p2 progenitors, respectively)
showed enlarged expression domains expanding into compara-
tively more dorsal regions. Similarly, the expression domains
of markers for differentiating motor neurons and their progeni-
tors (HB9 and Olig2, respectively) were expanded into lateral
regions. Shh signaling also inhibits the specification of lateral
and dorsal neural cell types. In Tulp3 mutants, markers for
these cell types were either strongly downregulated (Dbx2,
Pax7) or were expressed in dorsally restricted domains
(Pax6, Msx1/2). As in mouse embryos with mutations in
Thml, Rab23, Fkbp8 and Prkac (25,39-41), these effects
were limited to the lumbar neural tube; D—V patterning at
the level of the forelimbs appeared roughly similar in wild-
type and Tulp3 mutants (data not shown). These changes are
consistent with elevated Shh signaling in the lumbar neural
tubes of Tulp3 mutants.

We next analyzed the expression of Ptchl and Glil in Tulp3
mutant and wild-type neural tubes at E9.5 and E10.5 (Fig. 2A
and Supplementary Material, Fig. SIA and B). In the
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Figure 2. Expression of Shh and Shh pathway components. (A) /n situ hybrid-
ization for Patchedl, Glil, Gli2 and Gli3 in E10.5 wild-type and Tulp3 mutant
posterior neural tube sections. The Shh targets Ptchl and Glil were ectopically
expressed in dorsal regions, and G/i3 expression was dorsally restricted in
Tulp3 mutants. (B) Immunostaining for Shh (red) and Pax6 (green) in wild-
type and Tulp3 mutants (shown at levels of the hindlimb and flank). Dorsal
restriction of Pax6 was seen at both levels of the mutant neural tube,
whereas expansion of the Shh+4 domain was seen only at more anterior
levels (flank). Scale bars are 50 pm.

wild-type neural tube, these targets are expressed ventrally in
response to Shh signaling. In 7Tulp3 mutants, Ptchl and Glil
were inappropriately expressed in dorsal and lateral regions
of the neural tube. The ventral border of the G/il expression
domain in the mutants was shifted dorsally in comparison
with wild-type. Although Glil is induced by Shh signaling,
its expression is excluded from the wild-type floor plate and
is repressed in the neural tubes of Patchedl mutants (42),
suggesting that Glil is repressed ventrally by very strong
Shh signaling in the 7Tulp3 mutant neural tube. Expression of
Gli3 is normally restricted to dorsal regions by Shh signaling
and this gene showed a more dorsally restricted expression
pattern in 7ulp3 mutants (Fig. 2A). The expression domain
of Gli2 was roughly similar between genotypes, although it
did not extend as far ventrally in the mutants. These data indi-
cate that Tulp3 mutants experience elevated levels of Shh
pathway activity.

It is possible that such an elevation stems from increased
Shh ligand production. In fact, in the E10.5 mutant neural
tube at the level just anterior to the hindlimbs (flank), we
observed a broader domain of Shh protein expression
(Fig. 2B). However, this was not the case at the level of the
hindlimbs, where Shh expression was confined to its normal
domain. We observed normal Shh expression in the mutant
neural tube at E9.5 (Supplementary Material, Fig. S1A),
although D—V patterning defects were evident by this stage.
As Shh expression in the neural tube is driven by activation

of the Shh signaling pathway (43), the variable expansion of
the Shh expression domain at E10.5 is likely to be a conse-
quence, rather than a cause, of increased pathway activity.

TULP3 controls Shh-dependent gene expression
in the developing limbs

In addition to the neural patterning defects, Tulp3 mutant
embryos exhibited limb preaxial polydactyly. This is
obvious at E12.5 when the digit rays are outlined by the
expression of Sox9 in the mutant limb buds (Fig. 3). The pre-
sence of abnormally long digit rays at the anterior limb bud
raised the possibility that A—P patterning and Shh signaling
are affected in the mutant limb buds. To address this, we
examined the expression of Sk and its target genes in limb
buds (Fig. 3). At E11.5, the expression of direct transcriptional
targets of the Shh pathway, Gl/i/ and Ptchl, expanded to
include the distal and anterior mesenchyme in mutant limb
buds, whereas their expression was confined to posterior
regions in normal limb buds (Fig. 3). Similarly, the Hoxdi2
expression domain expanded into the anterior mesenchyme
in E11.5 Tulp3 mutant limb buds, suggesting that A—P
polarity is perturbed. These changes were accompanied by
misexpression of Shk in anterior regions of mutant limb buds.

Anterior misexpression of Shi could be the cause or the
consequence of ectopic Hoxdl2 expression, as Hoxd12 and
Shh control each other’s expression through positive feedback
(44). Alternatively, inappropriate activity of the Shh signaling
pathway could drive misexpression of both genes. One day
earlier in development (E10.5), Tulp3 mutant forelimb buds
were somewhat small and misshapen, although the hindlimb
buds appeared normal. Nevertheless, both the mutant forelimb
and hindlimb buds showed misexpression of G/i/ and Ptchl in
the anterior regions (Supplementary Material, Fig. S2).
However, neither Shh nor Hoxdl2 was misexpressed in the
anterior domains at this stage, suggesting that their later mis-
expression is secondary to defects in the Shh signal transduc-
tion pathway. In both wild-type and mutant limb buds at
E10.5, dHand and GIli3 were expressed in posterior and
anterior domains, respectively (Supplementary Material,
Fig. S2), indicating that limb bud prepattern (45) is retained
independently of Tulp3. Collectively, these data indicate that
the anterior regions of the Tulp3 limb buds experience inap-
propriate activation of the Shh pathway, eventually leading
to polydactyly.

TULP3 regulates Shh signal transduction

We next investigated whether Shh pathway activation in Tulp3
mutants is Shh ligand-dependent. If TULP3 negatively regu-
lates Shh ligand expression or distribution, neural patterning
in Shh/Tulp3 double mutants should resemble that in Shh
single mutants. However, if TULP3 antagonizes the pathway
downstream of Shh, the pathway should remain active in the
absence of ligand. We generated Shh/Tulp3 double mutants
and found that their size and morphology resembled those of
Tulp3 single mutants (Supplementary Material, Fig. S3A). In
the Shh null mutant neural tube, specification of ventral
FoxA24 floor plate, Nkx2.2+ V3 interneuron progenitors
and HB9-+ motor neurons does not occur, whereas Pax6 and
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Figure 3. Expression of Sox9, Hoxd12, Ptchl, Glil and Shh in limb buds. Expression in both forelimb and hindlimb buds is shown (anterior to the left). E12.5
Tulp3 mutant limbs show an increased number of digit rays as outlined by Sox9 expression, and disruption of A—P polarity as indicated by expansion of Hoxd12
expression into the anterior mesenchyme (arrowheads). In E11.5 mutant limb buds, both Ptchl and Glil were expanded anteriorly in forelimb buds and ecto-
pically expressed in a separate domain in the anterior mesenchyme of hindlimb buds (arrowheads). In mutant limb buds, weak Shh expression was detected in an
ectopic anterior domain (arrowheads) separate from its normal domain in the posterior mesenchyme. In addition, Shh expression in the posterior domain of

mutant forelimb buds was slightly expanded anteriorly (asterisk).

Pax7 expression expands throughout the ventral neural tube
(14,46). In contrast, FoxA2+, Nkx2.2+4+ and HB9+ ventral
cell types were restored in Shh/Tulp3 double mutants, which
also showed dorsal restriction of Pax6 expression and repres-
sion of Pax7 (Fig. 4). Furthermore, Ptchl and Glil were
expressed in Shh/Tulp3 mutants in a pattern similar to that
in Tulp3 single mutants (Supplementary Material, Fig. S1B).
Shh ligand appeared to contribute relatively little to total
pathway activation in the Tulp3 mutant posterior neural
tube, as neural patterning was similar in Tulp3 and Shh/
Tulp3 double mutants. However, the expansion of the
FoxA24 domain seen in Tulp3 single mutants was not
observed in Shh/Tulp3 mutants, indicating that 7Tulp3 mutant
neural progenitors are at least partially responsive to Shh.
This phenomenon was also evident in the limb buds of Shh/
Tulp3 double mutants (Supplementary Material, Fig. S4). We
found that, although Glil, Ptchl and Hoxdl2 were expressed
at lower levels in double mutant limb buds compared with
those of wild-type or Tulp3 single mutants, their expression
was maintained despite the absence of Shh. Shh mutant

limbs buds fail to express Ptchl and Glil and exhibit only
very weak expression of HoxdI2 in hindlimbs (47). Further-
more, the double mutant limb bud size was intermediate
between that of 7ulp3 mutants and Shh mutants (not shown).
These findings suggest that, although the total level of Shh
pathway activity in Tulp3 mutant limbs depends heavily on
signaling by Shh ligand, a low level of pathway activity also
occurs in this tissue independently of Shh.

The Tulp3 neural patterning phenotype is Gli2-dependent

Although the data indicate that TULP3 controls neural pattern-
ing by inhibiting the Shh signal transduction pathwayi, it is still
possible that this protein acts through a parallel pathway. To
distinguish between these possibilities, we asked whether the
effects of Tulp3 disruption were dependent on a downstream
component transducing Shh signals, Gli2. In the G/i2 mutant
neural tube, FoxA2+ cells are absent, Nkx2.2+ cells are
reduced in number and the HB9+ domain expands across
the ventral midline (48,49). Importantly, the ventralized



1744 Human Molecular Genetics, 2009, Vol. 18, No. 10

Wild-type Tulp3

Shh/Tulp3 Gli2 Gli2/Tulp3

Figure 4. Neural tube patterning in Shi/Tulp3 and Gli2/Tulp double mutants. Sections through the neural tubes (lumbar level) of E10.5 wild-type, Tulp3 ™",

Shi™'~, Gli2~"~, Shh™'~ Tulp3™'~ and Gli2™'~ Tulp3 ™'~

mutants stained for markers of dorsal/lateral (Pax7 and Pax6) and ventral (HB9, Nkx2.2, FoxA2)

neural cell types, which are inhibited or induced by Shh signaling, respectively. Sections were counterstained with DAPI (blue).

phenotype of Tulp3 single mutants was suppressed in Gli2/
Tulp3 double mutants, whose neural patterning and mor-
phology closely resembled those of Gli2 single mutants
(Fig. 4). The expression patterns of Shh, Ptchl and Glil
were also similar in G/i2 and Gli2/Tulp3 double mutants,
although some weak expression of Ptchl and Glil could be
detected in more dorsal regions in the double mutant neural
tubes (Supplementary Material, Fig. S1B). These data indicate
that TULP3 functions in D—V neural patterning mainly
through antagonizing Gli2 activity at a step downstream of
Shh. However, slight differences in gene expression between
Gli2 and Gli2/Tulp3 double mutants suggest that TULP3 func-
tions to a minor extent through a separate mechanism, such as
the regulation of Gli3.

We next considered how TULP3 might restrain Gli2 activity.
This regulation is unlikely to be at the transcriptional level, as
the expression of GI/i2 mRNA in the 7ulp3 mutant neural
tube was comparable to that of wild-type (Fig. 2A). Recent
studies indicate that the control of Gli2 protein stability by
PKA-, CK1-, GSK3B- and DYRK2-mediated phosphorylation
is important for the proper regulation of the Hh pathway
(50,51). However, western blotting revealed comparable total
steady-state Gli2 protein levels in 7ul/p3 mutant and wild-type
embryos, and no clear differences in Gli2 electrophoretic

mobility (indicative of differential posttranslational modifi-
cation) were detected between genotypes (Supplementary
Material, Fig. SSA). PKA-, CK1- and GSK33-mediated phos-
phorylation events also control the activity of Gli3 (52). In
the resting state, full-length 190 kDa Gli3 is phosphorylated
and proteolytically processed into an 83 kDa transcriptional
repressor (Gli3R); Shh signaling prevents this proteolysis
allowing unprocessed Gli3 (Gli3A) to accumulate. The extent
of Gli3 processing in E9.5 whole-embryonic extracts was com-
parable in wild-type and Tulp3 embryos, suggesting that phos-
phorylation and proteasome-dependent processing of Gli3
occur normally in Tulp3 mutants (Supplementary Material,
Fig. S5B). Gli3 processing may be affected to some extent in
E11.5 Tulp3 limb buds (Supplementary Material, Fig. S5C),
but experimental variability made this difficult to confirm and
we could not exclude potentially indirect effects of ectopic
Shh expression (Fig. 3) on Gli3 processing in the limbs.
Because we did not detect a physical interaction between
TULP3 and Gli2 by co-immunoprecipitation (Supplementary
Material, Fig. S5D and E), antagonism of Gli2 by TULP3 is
likely to be indirect, although a small fraction of Gli2 and
TULP3 could be physically associated in the cell. Moreover,
the loss of TULP3 had no obvious effects on the association
between Gli2 and Sufu proteins in the embryo (Supplementary



Material, Fig. S5F). Thus, TULP3 appears to regulate Gli2
through a mechanism distinct from that controlling Gli stability
and processing.

Subcellular localization of TULP3

Since several Shh pathway components (Ptchl, Smo, the Gli
transcription factors, Sufu) localize to the primary cilium
and genetic data indicate that IFT components are required
for proper Hh signaling in mice (reviewed in 53), we con-
sidered the possibility that TULP3 controls the Shh pathway
within the primary cilium. We assayed the ability of serum-
starved primary mouse embryonic fibroblasts (pMEFs) from
wild-type and Tulp3 mutant embryos to generate cilia and to
properly localize ciliary proteins. Immunostaining of acetyl-
ated a-tubulin revealed that mutant fibroblasts generated
primary cilia with no obvious defects in axonemal lengths
(Supplementary Material, Fig. S6A and D). Mutant fibroblasts
also showed normal ciliary localization of Ift88 and Gli2 (Sup-
plementary Material, Fig. S6A and C). Ift88 staining of neural
tube sections indicated that 7u/p3 mutant neural progenitors
properly generated cilia (Supplementary Material, Fig. S6B).
The absence of left—right patterning defects in Tulp3
mutants (data not shown) suggested that mutant nodal cilia
are able to generate leftward fluid flow (54). Thus, Tulp3
does not appear to regulate global aspects of ciliogenesis.
Nevertheless, Tulp3 may have a role in the ultrastructure of
the cilium or it may regulate the activities of Hh signal trans-
duction components that reside within primary cilia.

To determine where TULP3 may function in the cell to
regulate Shh signaling, we performed immunostaining for
TULP3. We found positive staining at the tips of cilia from
wild-type pMEFs and NIH3T3 fibroblasts (Fig. 5A, yellow
arrowheads). This localization pattern was somewhat variable
as we observed it in most, but not all, cilia from wild-type cells
(65%, n = 62). Staining at cilia tips was specific for TULP3
because it was not observed in cilia from Tulp3™""¢ mutant
cells (n=68), nor from cells mutant for a second allele,
Tulp3""* (n = 45), which produce nearly undetectable levels
of TULP3 protein (Fig. 5F; J. Murdoch, personal communi-
cation). Our antiserum also showed strong staining around
the centrosome (Fig. 5SB), but this appeared to be nonspecific,
as it was also seen in mutant cells and was observed with our
preimmune serum (not shown). We could not reliably detect
TULP3 staining on cilia of neural progenitors in vivo (not
shown). However, TULP3 protein may be rapidly transported
into and out of cilia, resulting in very low steady-state levels
within cilia that are continually being assembled and disas-
sembled in dividing cells. Thus, TULP3 may accumulate
only to detectable levels within stable primary cilia generated
by quiescent cells. Consistent with the possibility that TULP3
undergoes transport in cilia, we observed strong punctate
staining along the axonemes of longer cilia (>5 um,
Fig. 5C), suggesting that continuous transport through such
long cilia occasionally results in local accumulation. Interest-
ingly, the ciliary localization of TULP3 resembled that of
endogenous Gli2 protein, although the two proteins did not
show complete colocalization at this site (Fig. 5D).

Previous studies of Tubby family members raised the possi-
bility that they might function in the nucleus. Tubby family
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members contain putative nuclear localization sequences,
and TULP proteins have been observed in the nucleus
(55-57). Boggon et al. (58) have suggested that the N- and C-
terminal domains of Tubby are capable of transcriptional
activation and double stranded DNA binding. However,
there is no apparent sequence specificity in Tubby DNA
binding, and transcriptional targets for Tubby proteins have
not been identified. TULP3 antiserum variably showed punc-
tate staining in the cytoplasm and nuclei of cultured fibroblasts
(Fig. 5E). To address this issue, we performed whole-embryo
subcellular fractionation. As observed for Tubby (58), we
found TULP3 protein in cytoplasmic, nuclear and membrane
fractions from such embryos (Fig. 5G; data not shown). This
raises the possibility that TULP3 regulates the Hh pathway
at sites other than the cilium, such as the nucleus. However,
TULP3 does not appear to control Gli2 nuclear localization,
as steady-state levels of Gli2 in nuclear fractions of Tulp3
mutants were comparable to those of wild-type (Supplemen-
tary Material, Fig. S5A).

Activation of the Shh pathway in Tulp3 mutants is Kif3a-
dependent and Smo-independent

If TULP3 were to regulate the Hh pathway within primary
cilia, the effects of disrupting 7ulp3 on the Hh pathway
should be suppressed in cells lacking these structures.
Kinesin I is the primary molecular motor used for anterograde
IFT in vertebrates, and cells lacking the kinesin II subunit
Kif3A are defective in ciliogenesis (59,60). We investigated
whether the Tulp3 mutant phenotype is dependent on kinesin
Il by generating Kif3a/Tulp3 double mutants. The general
morphology of Kif3a/Tulp3 double mutants resembled that
of Kif3a single mutants, which are smaller than wild-type
embryos and arrest around E9.5 (Supplementary Material,
Fig. S3B). The neural patterning phenotype of Kif3a mutants
was strongly dorsalized at E9.5, although some neural cell
types requiring low levels of Shh signaling for their specifica-
tion persisted (Fig. 6). This is presumably due to diminished
Gli3 repressor function (22,61). Cell types requiring the
highest levels of Shh signaling, floor plate and p3 progenitors
marked by FoxA2 and Nkx2.2, were absent in Kif3a embryos.
In addition, Olig2+ cells were markedly reduced in number,
and Pax6 was expressed in cells throughout the neural tube.
Importantly, neural patterning in Kif3a/Tulp3 double mutant
closely resembled that in Kif3a single mutants. The suppres-
sion of the Tulp3 phenotype by disruption of Kif3a was also
demonstrated by the expression patterns of Shh, Ptchl and
Glil in Kif3a/Tulp3 double mutants (Supplementary Material,
Fig. S1A). Thus, the activation of the Hh pathway resulting
from Tulp3 disruption depends on kinesin II. These data are
consistent with a model in which Tulp3 and kinesin II each
regulate the Hh pathway at the level of the primary cilium.
However, TULP3 and kinesin II also localize to other sites
within the cell, such as on cellular membranes (62), and
kinesin II is known to play many roles in the cell beyond
IFT (63). Therefore, alternative models for Tulp3 function in
the control of Hh signaling outside the cilium are possible.
Recent data indicate that Smo localizes to the primary
cilium upon exposure to Hh ligands and may act there to regu-
late signal transduction (27,29). We considered the possibility
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from wild-type pMEFs. (D) TULP3 and Gli2 show partial colocalization at the tips of wild-type cilia (yellow arrowheads). (E) TULP3 (red) and acetylated
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cytoplasmic factions from E9.5 embryos. HDAC2, which is enriched in nuclear fractions, and B-tubulin, which is limited to the cytoplasmic fractions, serve as
controls. The slower migrating species (asterisk) in the nuclear fractions appears to be nonspecific, as it is also seen in 7u/p3 mutant nuclear extracts (not shown).

Scale bars are 1 wm in A—D and 3 pm in E.

that TULP3 may function to inhibit Smo translocation to the
cilium or Smo biochemical activity. To test this genetically,
we generated Smo/Tulp3 double mutants. Smo null mutants
lack all Hh signaling and exhibit a completely dorsalized
neural patterning phenotype; Olig2, Nkx6.1, Nkx2.2, FoxA2,
Shh, Ptchl and Glil expression are suppressed in the Smo
mutant neural tube, and Pax6 is not repressed in ventral
cells (Fig. 6 and Supplementary Material, Fig. S1A). In con-
trast, the expansion of ventral identity markers and dorsal
restriction of Pax6 occurred in Smo/Tulp3 mutants as in
Tulp3 single mutants. The expression of Shh, Ptchl and Glil
in the Smo/Tulp3 double mutant neural tube was also similar
to that in 7ulp3 single mutants (Supplementary Material,
Fig. S1A), and the growth retardation defect caused by the dis-
ruption of Smo was mostly suppressed in Smo/Tulp3 mutants
(Supplementary Material, Fig. S3B). Thus, if TULP3 acts in
the primary cilium to inhibit Gli2 function, this function is
mostly, if not completely, independent of Smo.

The balance between neural proliferation and
differentiation is disrupted in 7ulp3 mutants

The morphology of the Tulp3 mutant neural tube is clearly
abnormal; its shape is roughly triangular and the neuroepithe-
lium appears thin (Fig. 1C). Although increased Shh signaling
is generally thought to result in increased proliferation, the

Tulp3 neural tube did not show signs of overgrowth. Neverthe-
less, the abnormal morphology of the mutant neural tube
could be caused by changes in neural proliferation and
differentiation.

To investigate this, we examined the expression of the pro-
genitor marker Sox1 and the postmitotic neuronal marker Tuj1
(class III beta-tubulin) in E10.5 wild-type and Tulp3 mutant
posterior neural tubes. We observed clear downregulation of
Sox1 expression in the ventral two-thirds of the mutant
neural tube, whereas cells in the dorsal one-third retained
robust expression of this marker (Fig. 7A). Conversely,
many Tujl+ cells were observed in the ventral and lateral
regions of the mutant neural tube, whereas Tujl+ cells were
largely confined to the motor neuron domain in the wild-type.
This effect was suppressed in Gli2/Tulp3 double mutants,
whose expression of Sox1 and Tujl resembled that of Gli2
single mutants. This indicates that the changes in Sox! and
Tujl expression in Tulp3 mutants result from increased
activity of the Shh pathway.

Thinning of the Tulp3 mutant neuroepithelium in ventral
posterior regions was caused by the reduction of the ventricu-
lar (Soxl-expressing progenitor) zone, as this layer was
noticeably reduced in Tulp3 mutants (Fig. 7B). In contrast,
the thickness of the postmitotic, p27Kipl+ marginal zone
(64) was slightly expanded in Tulp3 mutants. Although
increased apoptotic cell death was previously described in
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Smo/Tulp3

Kif3a Kif3a/Tulp3

Figure 6. Neural tube patterning in Smo/Tulp3 and Kif3a/T: u£p3 double mutants. Sections through posterior (lumbar) neural tubes of E9.5 wild-type, Tulp3 ™/~

Smo™'", Kif3a™'~, Smo™' " Tulp3™'" and Kif3a™~ Tulp3 ™'~

the hindbrain region of Tulp3 mutants (37), the reduced thick-
ness of the ventricular zone in the posterior neural tube was
not associated with increased cell death (Fig. 7C and E). We
did, however, observe fewer cells expressing the late G2/
M-phase marker phospho-Histone H3 (pHH3) in the ventral
half of the Tulp3 mutant neural tube in comparison with wild-
type (Fig. 7C and D), which is consistent with diminished pro-
genitor self-renewal and increased cell-cycle exit.

To investigate the cause of these defects, we focused our
attention 1 day earlier in the development (E9.5), when
Sox1 and Tujl expression was normal in Tulp3 mutants
(data not shown). Altered patterns of proliferation and differ-
entiation may be explained by changes in cell identity. For
example, Shh signaling controls the expression of Pax6 and
Olig2, which, in turn, control the expression of the neurogenic
bHLH factor Neurogenin 2 (Neurog2) (65—68). In addition,
recent data suggest that Shh signaling may directly regulate
early Neurog2? expression through the Gli transcription
factors (69). At E9.5, the Olig2 expression domain was
expanded within the ventral two-thirds of the mutant neural
tube, and Pax6 was confined to dorsal regions (Fig. 6). This
was accompanied by increased Neurog?2 expression through-
out much of the neural tube (Fig. 7F). In addition, Hes5 nega-
tively regulates Neurog? expression in the spinal neural tube
(70). At E9.5, Hes5 is expressed strongly in the ventral/
lateral regions of the wild-type posterior neural tube, but its

mutants stained for Pax6, Nkx6.1, Olig2, Nkx2.2 and FoxA2.

expression domain was dramatically shifted to the dorsal
regions in the Tulp3 mutant (Fig. 7F). Thus, the expansion
of the Olig2+ domain, ventral/lateral repression of Hes5
expression and direct activation by the Gli transcription
factors could collectively account for the increased Neurog?2
expression in 7Tulp3 mutants.

Restricting the activity of the D-type cyclins can also con-
tribute to cell-cycle exit in the CNS (71-73). We found that
cyclin D1 expression and D2 expression were markedly down-
regulated in the ventral and lateral regions of the E9.5 Tulp3
mutant neural tube in comparison with wild-type, yet these
genes were strongly expressed in dorsal regions of the
mutant neural tube (Fig. 7F). These changes may contribute
to more efficient cell-cycle exit ventrally and continued pro-
liferation dorsally. Thus, it is likely that the thinning of the
Tulp3 mutant neuroepithelium by E10.5 stems from the misre-
gulated expression of factors promoting or inhibiting neuronal
differentiation at E9.5.

DISCUSSION
TULP3 antagonizes Shh signaling in the mouse neural tube

Tubby family members have not been previously linked to the
control of mammalian Hh signaling. Here we have shown that
one member of this family, TULP3, is required in the embryo
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Figure 7. TULP3 is required for proper neural differentiation. (A) Neural tube sections from E10.5 wild-type, Tulp3~'~, Gli2~'~ and Gli2~'~ Tulp3 ™'~ mutants
stained for Tujl and Sox1. (B) Sox1+ progenitor and p27Kipl+ postmitotic zones in the ventral region of the E10.5 wild-type and 7u/p3 mutant posterior neural
tubes. Sox1 was weakly expressed by cells in the ventricular zone of Tulp3 mutants. (C) E10.5 wild-type and Tulp3 mutant sections stained with a-active caspase
3 and a-phosho-Histone H3 (pHH3) antibodies. (D) Percentage of pHH3+ cells in the ventral and dorsal halves of neural tube sections. Differences between
genotypes for the ventral halves were significant (**P < 0.001, Student’s #-test). Differences for the dorsal halves were not significant (n.s., P > 0.2). (E) The
number of apoptotic cells, marked by active caspase 3 staining, was comparable between genotypes. (F) Expression of Neurog?2, Hes5, cyclin D1 and cyclin D2
in posterior neural tube sections from E9.5 wild-type and Tulp3 mutants. Scale bars are 50 wm in A, C and F, and 20 pm in B.

to restrict Shh pathway activity in the absence of ligand. This
is supported by the observation that 7ulp3 mutants show a
neural patterning phenotype resembling those of mutants
with reduced or abolished function of Shh pathway antagonists
such as Rab23, Thml, Ptchl and PKA (14,25,38,41). More-
over, direct Shh transcriptional target genes (e.g. Ptchl and
Glil) are ectopically expressed in the 7Tulp3 mutant neural
tube and limb buds, indicating that the Shh pathway is inap-
propriately activated in the absence of TULP3.

D-V patterning of the neural tube is driven primarily by the
dorsalizing effects of BMP signaling and the ventralizing
effects of Shh signaling (74). The specification of ventral
neural cell types (such as motor neurons) is not a default
state. Although dorsalizing signals such as BMPs and Wnts
can attenuate the effects of Shh in gain-of-function exper-
iments, blockade or removal of dorsalizing signals does not
result in increased specification of ventral neural cell types,
nor can the lack of such signals bypass the requirement for
Shh (75-78). Thus, although signaling by dorsalizing factors
may be impaired in 7ulp3 mutants, it alone cannot explain
the ectopic specification of ventral neural cells types in Shh/
Tulp3 or Smo/Tulp3 double mutants. Since hyperactivation
of Shh targets in 7ulp3 mutants still depends on downstream

Hh pathway components (Kif3a and Gli2), TULP3 must act
within the context of Shh signal transduction.

The relationship between Tubby family proteins
and primary cilia

The localization of TULP3 to cilia is interesting given the
importance of primary cilia in mammalian Hh signaling.
However, Tulp3 mutant cells do not show obvious defects in
ciliogenesis. Nevertheless, several observations suggest a
link between Tubby family proteins and processes dependent
on cilia. For example, mice mutant for several Tubby family
members collectively share phenotypic features with those
of patients with Bardet—Biedl syndrome (BBS), such as
obesity, retinal degeneration, polydactyly and hearing loss
(53). BBS proteins play key roles in the function and/or
assembly of primary cilia and basal bodies (79).

Some clues have emerged with respect to how Tubby family
members function at the cellular level. For example, Tulp! is
expressed in ciliated photoreceptor cells of the retina, where
it is required for their survival (80). In these cells, TULP1
localizes to inner segments and connecting cilia (81), and
this protein has been implicated in vesicular trafficking of



rhodopsin through the connecting cilium to outer segments
(81—83). Tubby family members have also been implicated
in cilia-related processes in other organisms. In Caenorhabdi-
tis elegans, the Tubby homolog TUB-1 is expressed in ciliated
neurons and undergoes transport within cilia (84). In worms,
TUB-1 plays an essential function in fat storage, chemotaxis
and life span regulation, all processes that depend on proper
assembly and function of cilia (84—87). It is also interesting
that the expression of C. elegans tub-1 and that of Drosophila
tulp are regulated by RFX transcription factors, which regulate
genes encoding ciliary proteins (88,89) and that Tulp? is
strongly and rapidly upregulated during flagellar regeneration
in Chlamydomonas reinhardtii (90).

The function of TULP3 in Shh signaling

Epistasis experiments indicate that TULP3 is required to prevent
Gli2 from activating Shh target genes in the absence of Hh
ligands. Smo is required for all Hh signaling, but how Smo con-
trols Gli activity in mammals is unknown. TULP3 appears to par-
ticipate in this step of the pathway. Gli2 nuclear localization and
posttranslational modification of Gli2 appear normal in 7ulp3
mutants, and we failed to detect an interaction between TULP3
and Gli2 proteins. Thus, regulation of the Hh pathway by
TULP3 appears to represent a novel arm of the pathway. A
better understanding of TULP3 function will rely on the identifi-
cation and functional characterization of TULP3-associated pro-
teins and the investigation of ciliary ultrastucture in Tulp3
mutants. We are currently investigating these aspects.

It is possible that TULP3 participates in membrane/vesicu-
lar trafficking. Consistent with this possibility, we found
TULP3 in membrane fractions as described previously (55).
Indeed, several Tubby family proteins exhibit association
with cellular membranes (55,82), and mouse TULP1 and
C. elegans TUB-1 appear to be involved in membrane traffick-
ing (81,83,84,91). Recent studies suggest a close relationship
between membrane trafficking and cilia. For example, the
functions of several members of the small GTPase Rab and
Arl families are tied to cilia-related processes. These include
the small GTPases IFT27 and IFTA-2, Rab 8 and Arl6 and
Arl13Db (reviewed in 92). In addition, IFT components associ-
ate with Rab8 and Rabaptin5 (93), and BBS proteins function
through the Rab8 GEF Rabin-8 (94). Interestingly, Arll3b
regulates the mouse Shh pathway and is required for normal
ciliary axonemal structure (95).

On the basis of our findings and those of others, we favor a
model whereby TULP3 participates in trafficking events
necessary for the transport of membrane-associated Hh regu-
latory components into or away from primary cilia.
However, it is important to note that TULP3 also localizes
to sites in the cell outside the primary cilium. Thus, it
remains possible that TULP3 functions in the Shh pathway
in a manner unrelated to primary cilia, possibly through the
control of membrane trafficking within the cytoplasm or
through direct transcriptional control within the nucleus.

TULP3 in neural proliferation and differentiation

In addition to neural cell identity, Shh signaling regulates
proliferation and survival of neural progenitors (31). Shh is
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generally thought to stimulate cell proliferation in different
regions of the developing CNS (96—98). However, Hh signal-
ing can also promote cell-cycle exit and terminal differen-
tiation in some contexts (99). For example, in the zebrafish
retina, Shh accelerates the cell cycle in neural progenitor
cells but, by doing so, it also advances the timing of cell-cycle
exit and terminal differentiation (100—102).

We found that the balance between proliferating progenitors
and differentiating neurons was shifted in favor of differen-
tiation in the ventral and lateral regions of the Tulp3 mutant
neural tube, although this balance was generally maintained
in dorsal regions. These effects appear to result from the
hyperactivation of the Shh-signaling pathway because the
balance was restored in Gli2/Tulp3 double mutants. A
similar phenomenon has also been observed in the neural
tubes of Fkbp8 mutants, which also exhibit hyperactive Shh
signaling (103). Thus, we propose that although Shh signaling
is required for proliferation and cell survival in the spinal
neural tube (46,98,104) and modest elevation of signaling
can lead to overgrowth (105), high levels of Shh signaling
favor cell-cycle exit and terminal differentiation in the pos-
terior neural tube.

We investigated the mechanistic basis for this defect at
E9.5, before any differentiation phenotype was evident. The
bHLH protein Neurog2 promotes terminal differentiation of
motor neurons and ventral interneurons (66,106,107). In the
spinal neural tube, the expression of Neurog?2 is positively
regulated by Shh signaling directly through Gli transcription
factors (69) and indirectly through Olig2 and Pax6
(65,67,70,108). Neurog2 expression is also negatively regu-
lated by Hes5 (70). Olig2 and Pax6 also inhibit terminal differ-
entiation at a step downstream of Neurogenin 2 protein. Thus,
Neurogenin 2 levels must accumulate to sufficient levels to
override the inhibitory effects of Olig2 and Pax6. At E9.5,
Neurog2 was robustly expressed in a broad domain in the
Tulp3 mutant neural tube, presumably resulting from increased
Gli transcriptional activity, dorsal expansion of Olig2
expression and loss of ventral Hes5 expression. Because
Pax6 was excluded from the ventral and lateral neural tube
in the mutant, high levels of Neurogenin 2 would be free to
promote extensive cell-cycle exit in the ventral two-thirds of
the neural tube. Downregulation of cyclin DI and cyclin D2
expression in these regions may also contribute to enhanced
cell-cycle exit. Thus, decreased cyclin D expression, increased
Neurog?2 expression and repression of Pax6 in the ventral and
lateral neural tube may synergize in promoting terminal differ-
entiation. In contrast, the strong expression of cyclin D genes
and Pax6 in the dorsal neural tube may be sufficient to main-
tain proliferation and restrict differentiation in this region.

In summary, we have demonstrated that TULP3 functions
in the mid-gestation mouse embryo to antagonize the
Shh signaling pathway at a step that is largely independent
of the Shh ligand and Smo, but is dependent on Gli2. In
the neural tube, this role is essential for proper patterning
of progenitor cell identity and for controlling the balance
between progenitor proliferation and neuronal differentiation.
Owing to its intimate involvement in human development and
disease, elucidating the mechanism of mammalian Hh signal
transduction is of great clinical importance. The identification
and functional characterization of novel factors controlling
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the Hh pathway, such as TULP3, will be crucial in this
regard.

MATERIALS AND METHODS

Mouse strains

Heterozygous mice harboring the Tulp3™'"¢ allele were
obtained from the Jackson Laboratory and bred into a
C3Heb/FeJ background. The Tulp3™'/¢ allele generates a
truncated form of mouse TULP3 (lacking the C-terminal
Tubby domain) fused to GFP (37). Genotyping of Tulp3™/"¢
allele was performed as described previously (37). Double-
mutant analysis was performed using Smo™/4™¢  Shh"™! "¢,
Kif34™%" and Gli2"™""Y mutant alleles, which were geno-
typed as described (4,46,59,109). Yolk sac DNAs were used
for genotyping embryos. Noon of the day on which a
vaginal plug was found was considered embryonic day 0.5
(E0.5).

Immunohistochemistry

Immunohistochemistry was carried out on cryosections as
described previously (39). Antibodies against HB9/MNR2,
Nkx2.2, Nkx6.1, FoxA2/Hnf3(3, Pax7, Pax6, Msx1/2 and Shh
were obtained from Developmental Studies Hybridoma Bank.
Additional antibodies included a-Pax6 (Covance Research Pro-
ducts), a-Olig2 (R&D Systems), a-Brn2 (Santa Cruz Biotech-
nology), a-class III B-tubulin (Tujl, Covance Research
Products), a-Soxl (R&D Systems), «-Dbx2 (Abcam),
a-p27Kipl (Santa Cruz Biotechnology), a-phospho-Histone
H3 (pHH3, Upstate Cell Signaling) and a-active caspase 3
(Promega). Cy2- and Cy3-conjugated secondary antibodies
were purchased from Jackson ImmunoResearch. Sections
were counterstained with DAPI (Sigma-Aldrich). Images were
obtained using a fluorescent microscope (E800, Nikon) with
digital camera (Princeton Instruments), using MetaMorph soft-
ware (Universal Imaging Corporation). Image intensity and
contrast were adjusted using Photoshop software (Adobe).
Quantitation of the percentage of pHH3+ cells in the ventral
and dorsal halves of the neural tube was performed by counting
pHH3+ and total (DAPI+) nuclei from cryosections (nine sec-
tions from three embryos per genotype). The number of acti-
vated caspase 3+ cells/section was averaged from a similar
set of nine sections per genotype.

In situ hybridization and skeletal preparation

In situ hybridization was performed on cryosections as
described previously (110). Riboprobes were generated for
mouse Ptchl (111), Glil (112), Gli2 (112), Gli3 (40), Shh
(113), Neurogenin 2 (114), Hes5 (115), Cyclin DI (116) and
Cyclin D2 (117). The mouse Hoxdl2, Sox9 and dHand
probes were generous gifts from D. Duboule, V. Lefebvre
and K. Ligon, respectively. For skeleton preparations,
embryos were dissected at E13.5, fixed, stained with Alcian
blue and cleared as described (118). Images were acquired
using a Leica stereomicroscope with digital camera
(Optronics).

Primary MEF cell culture and staining
3tm1Jng

Embryos were dissected at E11.5 and wild-type and Tulp o
3 r

mutant pMEFs were prepared as described (119). Tulp
mutant pMEFs were a gift from Dr Jennifer Murdoch. To gener-
ate ciliated NIH3T3 cells and pMEFs, cells were grown to
~90% confluency on coverslips and then incubated with
Opti-MEM (Gibco) for 48—72 h. Coverslips were washed,;
fixed with ice-cold acetone, air-dried, rehydrated and blocked
with goat or horse serum in PBS. Primary antibodies included
o-TULP3 (see what follows), a-acetylated-alpha tubulin and
a-gamma tubulin (Sigma-Aldrich), «-Ift88 (generous gift
from Dr Gregory Pazour) and a-mouse Gli2 antiserum (103).

Generation of TULP3 antiserum

Full-length mouse TULP3 ¢cDNA was cloned into pET28A
(Novagen) to generate recombinant protein. Purification was
performed under denaturing conditions using urea and
Ni-NTA agarose (Qiagen). Recombinant protein was mixed
with Complete Freund’s Adjuvant and injected into New
Zealand white rabbits. Affinity purification from bulk serum
was performed using N-terminal recombinant TULP3 protein
(residues 1-255) conjugated to CNBr-activated sepharose
4B from GE Healthcare Life Sciences according to the manu-
facturer’s instructions. Antisera from two rabbits gave similar
results.

Immunoprecipitation

Embryos were dissected at E9.5 and disrupted by pipette in
lysis buffer [50 mm Tris—Cl, pH 8.0, 150 mm NaCl, 1 mm
NaF, 1 mm sodium orthovanadate, 1% NP-40, 1 mm PMSF,
Complete Protease Inhibitor (Roche Applied Science)]. Immu-
noprecipitation was performed using protein G- or protein A-
conjugated agarose beads (Invitrogen) as recommended by the
manufacturer. Precleared lysates were incubated overnight
with primary antibodies (a-Gli2 or a-TULP3) at 4°C, incu-
bated with protein G/A beads and centrifuged. Beads were
washed in ice-cold PBS, pelleted and then boiled in
Laemmli sample buffer to release immunoprecipitated
complexes.

Nuclear fractionation

Embryos were dissected at E9.5 and Dounce-homogenized in
hypotonic buffer; nuclei were separated from crude cyto-
plasmic fractions by pelleting at 1500g for 5 min and then
washed twice in hypotonic buffer (55). Nuclear protein was
isolated by incubating fractions with hypertonic buffer for
30 min at 4°C, followed by sonication. Insoluble material
was pelleted by high-speed centrifugation at 14 000g for
15 min; the supernatant was concentrated by TCA precipi-
tation and resuspended in alkaline Laemmli sample buffer.
Five micrograms of total protein per sample was separated
through SDS—PAGE and transferred to nitrocellulose mem-
brane according to standard protocols; quantification of
loading and quality of fractionation were assessed through
western blotting.



Western blotting

Embryos were processed for Gli3 protein analysis through
western blotting as described previously (120,121). «-Beta
actin (Abcam) was used as a loading control. Gli2, Sufu and
TULP3 proteins in fibroblasts and embryonic extracts were
analyzed by western blotting using standard techniques.
Rabbit a-Sufu was obtained from Santa Cruz Biotechnology,
Inc. a-Beta tubulin (Sigma) and a-HDAC2 (Upstate) were
used as loading controls and for determining purity of frac-
tions. Scanned blot images were used for the quantification
of band intensity using ImageJ software (NIH).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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