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Abstract: The primary cilia play essential roles in Hh-dependent Gli2 activation and Gli3 proteolytic
processing in mammals. However, the roles of the cilia in Glil activation remain unresolved due to
the loss of Glil transcription in cilia mutant embryos, and the inability to address this question by
overexpression in cultured cells. Here, we address the roles of the cilia in Glil activation by expressing
Glil from the Gli2 locus in mouse embryos. We find that the maximal activation of Glil depends on
the cilia, but partial activation of Glil by Smo-mediated Hh signaling exists in the absence of the cilia.
Combined with reduced Gli3 repressors, this partial activation of Glil leads to dorsal expansion of V3
interneuron and motor neuron domains in the absence of the cilia. Moreover, expressing Glil from
the Gli2 locus in the presence of reduced Sufu has no recognizable impact on neural tube patterning,
suggesting an imbalance between the dosages of Gli and Sufu does not explain the extra Glil activity.
Finally, a non-ciliary Gli2 variant present at a higher level than Glil when expressed from the GIi2
locus fails to activate Hh pathway ectopically in the absence of the cilia, suggesting that increased
protein level is unlikely the major factor underlying the ectopic activation of Hh signaling by Glil in
the absence of the cilia.

Keywords: Hh signaling; Shh; neural tube; patterning; intraflagellar transport; Gli3; Sufu;
Smo; mouse

1. Introduction

The Hedgehog (Hh) family of signaling molecules underlies numerous developmental processes
and malignancies in humans and mice [1]. Hh signaling in mammals requires the primary
cilia, a cell surface organelle present in almost all post-mitotic cells in the mammalian body [2].
The glioma-associated oncogene homolog (Gli) family of transcription factors mediates the
transcriptional response of Hh signaling, and all three members of the family are localized to the
tips of the cilia upon Hh stimulation [3,4]. Given the importance of Hh signaling and the primary
cilia in development and diseases, it is critical to understand the roles of the cilia in the activation of
Gli proteins.

Sonic hedgehog (Shh), one of the Hh family members, is secreted from cells of the notochord
and the floor plate, a group of glia at the ventral midline of the neural tube, and induces various
cell fates in the ventral neural tube [1]. Loss of Shh results in the complete loss of ventral cell types
including the floor plate, V1, V2 and V3 interneurons and motor neurons [5]. Gli2 is the primary
activator downstream of Shh and is essential for the fates of the floor plate and V3 interneurons [6,7].
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Gli3 plays a predominantly negative role in Hh signaling, and removing Gli3 restores motor neurons in
Shh;Gli3 double mutant neural tube [8]. Glil expression is dependent on Gli2 and Gli3, and loss of Gli1
does not disrupt mouse development [9-11]. However, loss of Gli1 leads to defects in Shh pathway
activation and ventral neural tube development when one copy of Gli2 is removed, suggesting that it
contributes to a threshold of Gli activator activity required for the full activation of the Shh pathway [9].
More importantly, Glil appears to be critical in pathogenesis of multiple types of malignancies, hence
understanding the mechanism of its activation is clinically important [12-15].

The requirement for the cilia in Hh signaling was first revealed by the loss of floor plate and
V3 interneurons, as well as reduced Hh target gene expression, in a few mutants that fail to grow
cilia [16]. Specifically, both the activation of full-length Gli2 and the generation of Gli3 repressor
through proteolytic processing are dependent on the cilia (e.g., [17-19]). We recently showed that
removing Gli2 from the tips of the cilia prevents its Hh-dependent activation, further confirming the
critical role of cilia in Gli2 activation [20].

Suppressor of fused (Sufu) is an essential negative regulator of Hh signaling in mammals, loss
of which results in severe disruption of embryonic development including extreme ventralization
of the neural tube [21,22]. Our previous double and triple mutant analyses indicated that all three
Gli proteins underlie the extreme Hh pathway activation in Sufu mutants [23]. Biochemical analyses
suggested that Sufu acts through direct physical interaction with Gli proteins, both in the cytoplasm
and inside the nucleus [24-27]. Interestingly, loss of Sufu in the absence of the cilia leads to the over
activation of Hh pathway, suggesting that the roles of the cilia in Hh signaling is to mediate the
Hh-induced alleviation of repression on Gli proteins by Sufu [28,29]. Subsequent biochemical studies
showed that separation between Sufu and Gli proteins was indeed dependent on the cilia [30,31].

Although the roles of the primary cilia in Gli2 activation and Gli3 processing have been elucidated,
whether the activation of Glil is dependent on the cilia remains enigmatic. Glil transcription is severely
reduced in cilia mutants, precluding the direct analysis of the roles of the cilia in Glil activation with
these mutants [16,18]. The roles of cilia in Glil activation cannot be revealed by overexpressing Glil in
cultured cilia mutant cells either, as insufficient Sufu is present in the cells to antagonize the activity of
overexpressed Glil, making it constitutively active independent of Hh signaling input and the primary
cilia [28,29]. In the current study, we test the roles of the cilia in Glil activation by expressing Glil at a
physiological level from the Gli2 locus (Gli2'¥) in cilia mutants. We find that loss of cilia prevented
the maximal activation of Glil and the formation of the floor plate. Surprisingly, Glil was partially
activated in the absence of the cilia, resulting in drastic dorsal expansion of the V3 interneuron and
motor neuron domains. We show that expressing Glil from the Gli2 locus leads to increased motor
neuron formation with reduced Gli3 dosage, suggesting that compromised Gli3 repressor production
in the absence of cilia may contribute to the partial activation of Hh signaling in the neural tube when
Glil is expressed from the Gli2 locus in the absence of the cilia. This cilia-independent activation of
Glil is dependent on Hh signaling because expressing Glil from the Gli2 locus does not change neural
tube patterning in the absence of Smo. Furthermore, Glil expression from the Gli2 locus did not alter
neural tube patterning with reduced dosage of Sufu, suggesting it did not activate Hh pathway by
changing the balance between dosages of Gli and Sufu proteins. Finally, replacing endogenous Gli2
with a stable, non-ciliary form of Gli2, Gli2ACLR failed to induce ectopic V3 interneurons and motor
neurons in the absence of the cilia, suggesting that the cilia-independent Glil activity was not simply
the result of higher protein level. In summary, we show different degrees of dependence of Glil and
Gli2 on the cilia for their activation, suggesting that blocking ciliogenesis may not inhibit malignancies
caused by aberrant Glil activation.



J. Dev. Biol. 2019, 7, 5 30f17

2. Materials and Methods

2.1. Animals

Mutant mouse strains used in this study include Gli2tm3(GEDAL (3 k a Gli21kie) [32], Gli2tm3-1(GliDAl]
(aka. Gli2™k) [32], Gligtm11GlZ0Al (g ka,  GL2ACLRKY [20], Ift88!™IRPw [33], Gli3X*] [34],
N-Tg(Ella-cre)C5379Lmgd/] [35], and Sufu'™Rt [22], and were genotyped as previously published.
All animals were kept on 129/SvPasCrl (Charles River Laboratories) background. The use of the
animals in this work was approved by the Institutional Animal Care and Use Committee at the Penn
State University.

2.2. Immunofluorescence Assay on Cryosections

Mouse embryos were fixed in 4% paraformaldehyde (PFA) in phosphate-balanced saline (PBS)
for up to 1 h, washed with PBS briefly and left in 30% sucrose overnight, embedded in O.C.T freezing
media and frozen at —80 °C. Cryosections at 10 pm thickness were cut with a Leica LM1900 Cryostat.
For immunofluorescence assays, sections were allowed to dry at room temperature for 1 h, blocked in
blocking buffer (PBS plus 0.1% Triton X-100 and 1% goat serum). They were then incubated in blocking
buffer with appropriate primary antibodies at 4 °C overnight, washed in blocking buffer three times
and incubated in blocking buffer with Cy3-conjugated secondary antibodies, wash three more times
and mounted with DABCO (Sigma-Aldrich, Saint Louis, MO, USA). Antibodies used: Foxa2, Nk2.2,
Nkx6.1, Pax6, Pax7, Shh (DSHB) and Olig2 (Millipore, AB9610). Photos were taken on a Nikon E600
microscope with a Micropublisher CCD camera (QImaging, Surrey, BC, Canada).

2.3. Immunoblot Analyses

Whole-cell protein lysates were prepared, separated on SDS polyacrylamide gel and transferred
to nitrocellulose membrane according to a previously described protocol [36]. After primary antibody
incubation, membranes were incubated with IRD680- and IRD800-conjugated secondary antibodies
(LI-COR), and scanned on a LICOR Odyssey CLx imaging system. Antibodies against FLAG and
p-tubulin were purchased from Sigma-Aldrich. Quantitative analyses were performed using NIH
ImageJ.

2.4. RNA In Situ Hybridization on Cryosections

Embryos were fixed in 4% PFA at 4 °C overnight, washed in DEPC-treated PBS and processed
for cryosection. RNA in situ hybridization with Digoxigenin-labeled riboprobes against Glil was
performed on the transverse sections through the neural tube according to the protocol described
in [37]. Photos were taken on a Nikon E600 microscope with a Micropublisher CCD camera.

3. Results

3.1. Glil Expression Was Uncoupled from Hh Signaling in Gli2'X Embryos

More than a decade of research has started to reveal the essential roles of the primary cilia in
the activation of Gli2 [16,20,28,29] and proteolytic processing of Gli3 [17-19] in mammals. However,
how the Glil protein responds to the loss of cilia remains an open question because Glil expression
is dependent on Hh signaling and is greatly reduced in the absence of the cilia [18]. We and others
also showed that an overexpression approach was not appropriate for addressing this question as it
rendered both Glil and Gli2 cilia-independent due to the disruption of the stoichiometry between Gli
proteins and their direct inhibitor Sufu [28,29]. Therefore, the only proper way to address this question
is to express Glil at a physiological level independent of Hh pathway activation.

To achieve such a goal, we took advantage of a Gli2Tk mouse strain in which the Glil open reading
frame was inserted into the first coding exon of Gli2 [32]. Bai and Joyner (2001) showed that Glil
was expressed in the same pattern as Gli2 in this knock-in animal [32]. To determine whether Glil
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expression became cilia-independent in GIi2¥ embryos, we performed RNA in situ hybridization
analyses. As reported, Glil was expressed in a ventral-to-dorsal gradient in the wild type neural
tube (Figure 1A) [38,39]. As a control, Sufu mutant embryos exhibited widespread high levels of
Glil expression (Figure 1B) [22]. Consistent with compromised Hh signaling activity in the absence
of the cilia, Gli1 expression was greatly reduced in the Ift88 mutant neural tube that failed to grow
cilia (Figure 1C) [16,33]. In contrast, Glil was expressed throughout the progenitors of the neural
tube in Gli2'Ki/+;1ft88/~ double mutants, suggesting that Gli1 expression from the Gli2 locus was
independent of the cilia (Figure 1D). These data indicated that Glil expression from the Gli2 locus was
independent of Hh signaling and the presence of cilia, making it possible to analyze the roles of cilia in
Glil activation.
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Figure 1. Expression of Glil from the Gli2 locus was independent of the primary cilia. RNA in situ
hybridization images of transverse sections through the E10.5 neural tubes. (A) Glil was expressed in a
ventral-to-dorsal gradient in the wild type (wt) neural tube. (B) Widespread Glil expression was found
in Sufu_/ ~ mutant embryos. (C) Glil expression was greatly reduced in Ift88 —/~ mutant embryos.
(D) Glil expression was present in all progenitor cells in the GIi2'¥/*;Ift88~/~ double mutant neural
tubes. Dashed lines outline the neural tubes. n = 3 embryos for each genotype. Gli: Glioma-associated
oncogene homolog.

3.2. The Cilia Are Essential for Maximal Activation of Glil

Bai and Joyner (2001) showed that expressing Glil from the Gli2 locus rescued most aspects of
embryonic development in the absence of Gli2, suggesting functional redundancy between these two
proteins [32]. We hypothesized that if Glil activation was independent of the cilia, expressing Glil from
the GIi2 locus should rescue embryonic development in the absence of the cilia. To test this hypothesis,
we crossed Gli2™% mice to Ift88 mutants. At E10.5, Gli2ki/+ embryos looked normal, consistent with a
previous report (Figure 2A,A’; [32]). Ift88 null mutants exhibited frequent exencephaly and twisted
body (Figure 2A”). Gli2™i/+Ift88~/~ double mutants also exhibited frequent exencephaly and twisted
body (Figure 2A”’). The failure to rescue the Ift88 mutant phenotype appears to suggest that Glil
activation is under the influence of the primary cilia.

To better determine the roles of cilia in Glil activation, we examined the dorsal/ventral (D/V)
patterning of the neural tube at both the thoracic (anterior) and lumbar (posterior) levels. As similar
neural tube patterning changes were present at both levels, we will focus on the results at the thoracic
level. The floor plate at the ventral midline of the wild type neural tube expresses Foxa2 at E10.5
(Figure 2B). Confirming a previous report [32], we found that Foxa2 was expressed properly in the
Gli2'ki/+ neural tube (Figure 2B’). Foxa2 expression was absent in the Ift88 mutant neural tube due
to compromised Gli2 activation in the absence of the cilia (Figure 2B”; [16]). Foxa2 expression was
also absent in Gli2'%/+,1ft88=/~ double mutants, suggesting that the maximal activation of Glil was
dependent on the cilia (Figure 2B””). Shh was produced in the notochord and floor plate in the
wild type and Gli21ki/+ neural tubes (Figure 2C,C’). Consistent with the loss of floor plates, Shh was
present in the notochords, but not in the ventral neural tubes in the Ift§8 mutant (Figure 2C”) and
Gli2™%i/+;1ft88~/~ double mutant (Figure 2C”’) neural tubes.
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Figure 2. Partial activation of Glil in the absence of cilia. (A—A"’) Lateral views of E10.5 embryos. Wild
type (A) and Gli2'Ki/+ (A’) embryos look similar. Ift88~/~ (A”) and Gli2™k/*;Ift88~/~ (A”’) embryos
exhibit exencephaly (arrowheads) and twisted body axes. (B—G””) Transverse sections of E10.5 embryos
processed for immunofluorescence analyses. (B-B””) Foxa2 was expressed in the floor plates of the wild
type (B) and Gli2'k/+ (B’) neural tubes. It was absent in the Ift88~ (B”) and Gli2™k/*; Ift88~/~ (B"")
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neural tubes. (C—C”’) Shh protein was present in the notochords and ventral neural tubes of wild
type (C) and Gli2'Ki/+ (C’) embryos. In Ift88/~ (C”) and Gli2'k/+;1ft88~/~ (C"’) embryos, Shh was
present in the notochords, but not in the neural tubes. (D-D”’) Nkx2.2 labels V3 interneurons in the wild
type (D) and Gli2™ki/+ (D’) neural tubes. It was absent in the Ift88*/ ~ (D”) neural tube. The Nkx2.2
expression domain was expanded both ventrally and dorsally in the GIi21%/*;Ift88~/~ (D"’) neural
tube. (E-E"”) Olig2 labels motor neuron progenitors in the wild type (E) and Gli2'¥/* (E’) neural tubes.
It was expanded ventrally in the Ift88/~ (E”) neural tube. The Olig2 expression domain was expanded
both ventrally and dorsally in the Gli2™k/*;Ift88~/~ (E””) neural tube. (F-F"”) Nkx6.1 labels progenitors
of V1-3 interneurons, motor neurons and the floor plate in the wild type (F) and Gli2™ki/+ (F’) neural
tubes. It appears normal in the Ift88~/~ (F”) neural tube. The Nkx6.1 expression domain was expanded
dorsally in the Gligki/+ ;Ift88*/ ~ (F”) neural tube. (G-G”’) Pax6 was expressed in the dorsal and
lateral regions of the wild type (G) and Gli2™ki/+ (G’) neural tubes. It was expanded ventrally in the
Ift88~/~ (G”) neural tube. Pax6 expression was restricted more dorsally in the Gli2™i/+;Ift88~/~ (G"")
neural tube. Dashed lines outline the neural tubes and brackets mark the expression domains. n = 3
embryos for each genotype.

3.3. Glil Was Partially Activated in the Absence of Cilia

Nkx2.2-expressing V3 interneurons and their progenitors were adjacent to the floor plate and
required lower levels of Shh signaling than those required for floor plate (Figure 2D). The number
and location of V3 interneurons were not altered in Gli2™¢/* mutants as previously reported
(Figure 2D’) [32]. Consistent with an essential role of cilia in Gli2 activation, these neurons were
completely absent in Ift88 null mutants (Figure 2D”). To our surprise, the domain of V3 interneurons
was not only present, but also greatly expanded dorsally in the Gli2™%/*;Ift88~/~ double mutant neural
tube, implying an increase in Hh pathway activity (Figure 2D”’). Motor neuron progenitors expressing
Olig2 were dorsal to V3 interneuron progenitors in both the wild type and Gli2%/* neural tubes, and
required moderate activation of the Hh pathway (Figure 2E,E’). Olig2 expression was expanded to
the ventral midline in the Ift88~/~ mutant neural tube, consistent with the loss of floor plate and
V3 interneurons (Figure 2E”). The motor neuron domain was expanded both ventrally and dorsally
in Gli2™%/*,1ft88~/~ neural tube, suggesting that although maximal activation of Hh signaling was
not achieved, an intermediate level of Hh pathway activation was present in more cells than in the
wild type neural tube (Figure 2E”’). Nkx6.1 labeled ventral half of the neural tube spanning the floor
plate to V1 interneuron progenitors in the wild type, Gli2'¥/+ and Ift88~/~ single mutant neural
tubes (Figure 2F-F”). Consistent with more widespread intermediate Hh pathway activation, the
domain of Nkx6.1 expression was expanded dorsally in the Gli2%/+;Ift88 =/~ double mutant neural
tube (Figure 2F”’). Finally, Pax6 was expressed in the dorsal and lateral parts of the wild type and
Gli2'ki/+ neural tubes (Figure 2G,G’), and was expanded ventrally in Ift88~/~ neural tube as a result of
compromised Hh pathway activation (Figure 2G”). Pax6 expression was limited to the dorsal half of
the G1i2™/*,Ift88~/~ double mutant neural tube, reflecting increased Hh pathway activation in the
ventral and lateral regions of the neural tube (Figure 2G”’). In summary, we found that Glil could be
partially activated in the absence of the cilia.

3.4. Ectopic Glil Partially Ventralized the Neural Tube in the Presence of Reduced Gli3

Paradoxically, the neural tube patterning indicated that more cells in the Gli2'K/*;Ift88=/~ neural
tube experienced intermediate levels of Hh pathway activation than those of the Gli2'¥/* neural
tube, suggesting a negative role of the cilia in Hh pathway activation. As it was known that the cilia
were essential for the proteolytic processing of Gli3 [18,19,30], we hypothesized that the reduction
in Gli3 repressor activity contributed to the increase in Hh pathway activation in lateral regions of
the G1i2™/*,Ift88~/~ neural tube. To test this hypothesis, we crossed Gli2'¥/+ mice to Gli3*/~ mice
to generate Gli2'K/+;Gli3*/~ double mutant embryos. At E10.5, Gli2'%/* and Gli3*/~ embryos were
indistinguishable from wild type embryos (Figure 3A,B and data not shown). Gli3~/~ embryos
exhibited smaller telencephalon (compare the brackets in Figure 3A,C; n = 4/6) and occasional
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exencephaly (data not shown; n = 2/6). Interestingly, Gli2™ki/+.Gli3*/~ double mutants exhibited
frequent exencephaly (Figure 3D; n = 4/7), suggesting strong genetic interaction between ectopic Gli1
expression and reduced Gli3 dosage in the patterning and/or proliferation of the brain. We further
analyzed the neural tube patterning and found that the size and location of the floor plate and V3
interneuron domains in the Gli2%/+-Gli3*/~ double mutant neural tube were similar to those in the
wild type, Gli2ki/+ and Gli3~/~ neural tubes (Figure 3F-1,K-N). However, we observed a moderate
dorsal expansion of the motor neuron progenitor domain in the GIi2™%/*;Gli3*/~ double mutant
neural tube (Figure 35S, compared to Figure 3P-R), suggesting that reducing Gli3 repressor activity did
allow ectopically expressed Glil to moderately ventralize the lateral part of the neural tube through
activating lower levels of Hh signaling.

Gli2Tkir+ Gli21kir; gliz+- Gli21ki*;Gliz /-

Gli3"-

/

s

Figure 3. Gli3 antagonized Glil activity in the Gli21ki neural tube. (A-E) Lateral views of
E10.5 embryos. Wild type (A) and Gli2ki/+ (B) embryos looked similar. Gli3=/~ embryo (C)
exhibited reduced telencephalon (bracket, compare to the one in A). Gli2™ki/+,Gli3*/~ (D) and
Gli2ki/+.GIi3~/~ (E) embryos exhibit exencephaly (arrowheads). (F-T) Transverse sections of E10.5
embryos processed for immunofluorescence analyses. Dashed lines outline the neural tubes and
brackets mark the expression domains. (F-J) Foxa2 was expressed in the floor plates of the wild type (F),
Gli2™ki/+(G), Gli3~/~ (H), Gli2™i/+,G1i3*/~ (1) and Gli2'k/+;Gli3~/~ (J) neural tubes. (K-O) Nkx2.2
labels V3 interneurons in the wild type (K), Gli2'K/+ (L), Gli3~/~ (M), Gli2'X/+,Gli3*/~ (N) and
Gli2™ki/+,GlIi3~/~ (O) neural tubes. (P-T) Olig?2 labels motor neuron progenitors in the wild type (P),
Gli2™8i/+ (Q) and Gli3~/~ (R) neural tubes. The Olig2 expression domain was expanded dorsally in
the Gli2tki/+.Gli3*+/~ (S) neural tube, and the expansion was more drastic in the Gli2Wki/+.Gli3~/~
(T) neural tube. n = 3 embryos for each genotype unless otherwise mentioned in the text.
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Gli2'%i/+,Gli3*/~ pups were sickly and died shortly after weaning, preventing further breeding.
Gli2'ki¢ was similar to Gli2'F, but contained a floxed neo cassette interfering with the expression of
Gli1 from the Gli2 locus [32]. Gli2kie/+:Gli3*/~ male were viable and fertile. Therefore, we crossed
these mice with Gli3*/~EllaCre female mice to obtain Gli21¥¢/+-Gli3~/~ EllaCre embryos. As EllaCre
was expressed ubiquitously in the embryos [35], removing the floxed neo cassette and restoring
the full expression of Glil from the Gli2 locus, these embryos were equivalent to Gli2™/*,Gli3~/~.
We found that these embryos also exhibited frequent exencephaly (Figure 3E; n = 5/5). Although
the floor plate and V3 interneurons were defined properly in these mutants (Figure 3],0), the motor
neuron progenitor domain was drastically expanded dorsally in the neural tube of these embryos
(Figure 3T). These data suggest that Gli3 repressor prevents abnormal neural tube patterning when
Gli1 is ectopically expressed from the Gli2 locus, and the reduction in Gli3 repressor likely contributes
to the dorsal expansion of the ventral neural progenitor domains of the Gli2'¥/*;1ft88~/~ double
mutant neural tube.

3.5. Glil Expression from the Gli2 Locus Failed to Alter the Smo Mutant Phenotype

The ectopic moderate activation of the Hh pathway in the Gli2™/+;Ift88=/~ neural tube was
in striking contrast to the Ift88~/~ mutant neural tube where both high and intermediate levels of
Hh pathway activities were compromised [16], suggesting a functional difference between Glil and
Gli2. It is possible that Hh signaling may activate Glil independent of the cilia. Alternatively, Glil
may exhibit Hh-independent basal activity that is sufficient to drive ventral neural tube cell fates in
more dorsal regions with the reduction in Gli3 repressor. We hypothesized that if Glil exhibited a
Hh-independent activity, expressing Glil from the Gli2 locus should allow some ventral neural cell
fates in the absence of Smo. To test this hypothesis, we analyzed the patterning of the Gli2'¥;Smo
double mutant neural tube.

Smo~/~ mutants were significantly smaller than control littermates at E9.5 and died shortly
after [40]. Gli2'¥/™%;Sm0~/~ double mutant embryos were morphologically identical to those of
Smo~/~ mutants (data not shown). In the neural tube, replacing both copies of Gli2 with Gli1 did
not alter the expression of the floor plate marker Foxa2 (Figure 4A,B), V3 interneuron marker Nkx2.2
(Figure 4D,E), motor neuron progenitor marker Olig2 (Figure 4G,H) and Nkx6.1, which marked V1,
V2, V3 interneurons, motor neurons and floor plate (Figure 4] K). Consistent with the morphological
similarity, Gli2'K/1i;S0~/~ exhibited loss of the floor plate (Figure 4C), V3 interneurons (Figure 4F),
motor neurons (Figure 4I), V1 and V2 neurons (Figure 4L), similar to Smo~/~ mutants [40]. On the other
hand, the dorsal neural tube marker Pax7 (Figure 4M,N) was expanded ventrally in Gli2™/1Ki;G0=/ =
neural tubes (Figure 40). These observations indicated that Glil was not activated independent
of Hh signaling, suggesting that the cilia-independent partial activation of Glil was dependent on
Hh signaling.
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wt Gli2kitki Gli2ki/ki-Smo-
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Nkx6.1 Olig2
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Figure 4. Expression of Glil from the Gli2 locus did not change neural tube patterning in the absence of
Smo. Transverse sections of E10.5 embryos processed for immunofluorescence analyses. (A-C) Foxa2
was expressed in the floor plates of the wild type (A) and Gli21ki/1ki (B) but not in the GIi21K/1ki G0~/ =
(C) neural tubes. (D-F) Nkx2.2 labeled V3 interneurons in the wild type (D) and Gli2'ki/Iki (E), but was
absent in Gli2'ki/1ki;S110=/~ (F) neural tubes. (G-I) Olig2 labels motor neuron progenitors in the wild
type (G) and Gli2ki/1ki (H), but not in Gli21%/1ki;S110~/~ (I) neural tubes. (J-L) Nkx6.1 was expressed
in the wild type (J) and Gli2'ki/1ki (K), but not in GIi2™k/1%,Sm0~/~ (L) neural tubes. (M-O) Pax7 was
expressed in the dorsal region of the wild type (M) and Gli2™ki/1ki (N)), and was expanded ventrally
in the Gli21k/1ki.Gy0=/= (O) neural tubes. Dashed lines outline the neural tubes and brackets mark
the expression domains. Note the Gli2ki/tki G0~/ ~ images are of higher magnification to show the
details of the neural tubes that are significantly smaller than those of their littermates. 1 = 3 embryos
for each genotype.

3.6. Increased Protein Level Was Not the Major Reason for the Cilia-Independent Glil Activation

Glil is resistant to both Cull-mediated proteolytic processing and Cul3-mediated degradation,
making it a more stable protein than Gli2 and Gli3 [41-44]. It is possible that replacing Gli2
with the more stable Glil protein in Gli2'¥ mutant embryos brings a challenge to the Sufu-based
negative regulation of Hh signaling, lowering the threshold for Hh pathway activation. If this is true,
reducing the dosage of Sufu in the presence of ectopic Glil expression, as in the Gli2'X/*;Sufu*/~ and
Gli2'ki/1ki,Syfiy*/~ neural tubes, should lead to excess Hh pathway activation and dorsal expansion
of some ventral progenitor domains. Our results showed that Gli2'¥/*;Sufu*/~ embryos were
morphologically normal at E10.5 (Figure 5A,B, 1 = 6), whereas one out of 4 Gli2™¥/%,Syfy*/~ embryos
exhibit midbrain exencephaly (Figure 5C). In the neural tube, the floor plate (Figure 5D-F), V3
interneuron (Figure 5G-I) and motor neurons (Figure 5]-L) were all formed in their proper D/V
locations in the Gli2™8/*,;Sufu*/~ and Gli2!¥/1ki;Sufu*/~ double mutant neural tubes. Furthermore,
Pax6 expression domains in the Gli2ki/+ Gliptki/ +;Sufu+/ ~ and G421k lki;Sufu” ~ neural tubes were
similar in size and location (Figure 5SM-O), suggesting that the overall level of Gli proteins in Gli2™k/*
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mutant neural tube was not high enough to override the inhibitory function of Sufu and change the
D/V patterning.

Gl Sufu-Gli21*  Sufu*-;Gli21ki 1k
; G

Foxa2

-

Nkx2.2

)

Olig2

Pax6

Figure 5. Reducing the dosage of Sufu did not alter the patterning in the Gli2'¥ neural
tube. (A-C) Lateral views of E10.5 embryos. Gli2ki/+ (A) GliZlki/+;Sufu+/_ (B) embryos looked
similar. One out of 4 Gli2'X/1ki;Syfy*/ = embryos (C) exhibited midbrain exencephaly (arrowheads).
(D-0) Transverse sections of E10.5 embryos processed for immunofluorescence analyses. (D-F) Foxa2
was expressed in the floor plates of the Gli2'k/* (D), Gli2™/*; Sufu*/~ (E) and Gli2™¥/ Ik Sufu*/ = (F)
neural tubes. (G-I) Nkx2.2 labeled V3 interneurons in the Gli2'k/* (G), Gli2™ki/+; Suﬁf'/ ~ (H) and
Gli2ki/ Iki;Sufu+/ ~ (I) neural tubes. (J-L) Olig2 labeled motor neuron progenitors in the Gli2™ki/+ (1),
Gli2™i/+; Sufu*/~ (K) and Gli2'k/1ki;Syfy*/ = (L) neural tubes. (M—-O) Pax6 was expressed in the dorsal
and lateral regions of the Gli2™k/+ (M), Gli2™i/+; Sufu*/= (N) and GliZlki/lki;Sufu+/_ (O) neural tubes.
Dashed lines outline the neural tubes and brackets mark the expression domains. n = 3 embryos for
each genotype unless otherwise mentioned in the text.
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We recently generated a mouse strain in which Gli2 was replaced by Gli2ACLR  a variant that did

not enter the cilia but retained its transcriptional activity in the absence of Sufu [20]. Interestingly,
the level of Gli2*“!R was higher than full-length Gli2 in E10.5 embryos, enabling us to directly test
whether moderately increasing the level of Gli proteins was sufficient for a moderate activation of
Hh signaling in the lateral regions of the neural tube in the absence of cilia. As shown in Figure 6,
E10.5 Gli2ACLRKI/ACLRK myitants were similar to wild type littermates morphologically (Figure 6A,B),
whereas Gli22CLRKI/ACLRKi [788—/~ double mutant embryos exhibited exencephaly, twisted body and
other morphological defects reminiscent of Ift88~/~ mutants (Figure 6C, compare to Figure 2C).
In the neural tube, Gli2ACERK/ACLRK mytants exhibited a reduction of the floor plate (Figure 6D,E)
and V3 interneurons (Figure 6G,H). On the other hand, Olig2-expressing motor neuron progenitors
expanded ventrally in these embryos (Figure 6J,K), whereas Pax6 expression remained unchanged
(Figure 6M,N). Different from Gli2'K/+;Ift88=/~ mutants in which Nkx2.2 and Olig2 expression domains
were expanded dorsally, the expression of Foxa2 and Nkx2.2 was absent in Gli2ACLRK/ACLRKi 1fgg—/—
double mutant neural tube (Figure 6F]I), and the Olig2 expression was expanded ventrally (Figure 6L).
The only sign of moderate rescue of the ventral neural fate in the Gli2ACLRF/ACLRKE [t88=/— neural
tube was the absence of Pax6 expression in the ventral-most part of the neural tube, in contrast
to the expression of Pax6 throughout the Ift88~/~ mutant neural tube (Figure 60, compared to
Figure 2G) [16,18]. These results indicated that Gli2*“R, albeit exhibiting higher stability than wild
type Gli2, did not activate Hh pathway ectopically as did Glil in the absence of cilia.

One potential explanation for the difference between the Gli2™F/+;Ift88=/~ and
Gli2ACLRKI/ACLRKI 1688~/ = neural tubes was that the level of Glil in the former was higher
than that of G1i2*“IR in the latter. As a FLAG tag was introduced to the N-termini of both proteins in
the knock-in embryos [32], we directly compared the expression levels of these two proteins in E10.5
embryos through immunoblot analyses. We found that the level of Gli2ACIR in GIi2ACLRK/+ embryos
was nearly three fold of that of Glil in Gli2!¥/+ embryos (Figure 7, n = 4 embryos for each strain).
This result suggested that the surprising activation of the Hh signaling in the lateral neural tube of
Gli2™%i/+Ift88~/~ was not simply the result of higher Gli1 protein level.
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Gli2ACLR/ACLR ~ GIi2ACLR/ACLR: [ft88-

Foxa2

Nkx2.2

Olig2

Pax6

Figure 6. Gli2*“IR failed to activate ectopic Hh signaling in the absence of cilia. (A-C)
Lateral views of E10.5 embryos. Wild type (A) and Gli2ACLRK/ACLRK: () embryos looked
similar. Gli2ACLRK/ACLRKI 1688~/ ~ embryo (C) exhibited exencephaly and twisted body.
(D-O) Immunofluorescent images of transverse sections through the E10.5 neural tubes. (D-F) Foxa2
labeled floor plates in the wild type (D) neural tube. It was absent in the Gli2ACLRK/ACLRK: (E) and
GliQACLRKi/. ACLRk’A;Ift88 —/= (F) mutant neural tubes. (G-I) Nkx2.2 was expressed in the V3 interneurons of
the wild type neural tube (G) but was absent in the Gli2ACLRK/ACLRKE (H) and GIi2ACLRKi/ ACLRki;Ifté?S —/=
(I) mutant neural tubes. (J-L) Olig2 was expressed in motor neuron progenitors in the wild type
neural tube (J). It was expanded ventrally in the Gli2ACLRKI/ACLRKL (K) and G1i2ACLRK/ ACLRki;Ift&? -/~ (L)
mutant neural tubes. (M—O) Pax6 was excluded from the ventral-most regions of the wild type (M),
Gli2ACLRKI/ACLRK (N) and Gli2ACLRKi/ACLRKi ;Ift88 ~/~ (O) mutant neural tubes. Dashed lines outline the
neural tubes. Brackets show the expression domains. n = 3 for each genotype.
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Figure 7. The level of Glil in Gli2™M/* embryos was lower than that of Gli2ACIR in Gli2ACLRk/+
embryos. Immunoblots of E10.5 whole embryo lysates with antibodies against FLAG and p-tubulin. **:
p = 0.0018 in two-tailed student ¢-test.

4. Discussion

In this study, we compare the relationships between the cilia and two Gli family proteins, Glil
and Gli2, in mouse neural tube patterning. Previous studies have shown that these relationships could
not be addressed properly by in vitro overexpression due to the override of Sufu-mediated negative
regulation [28,29]. To address this question properly, we compared neural tube patterning between
Ift88 mutant and Gli2'¥;1ft88 double mutants. We found that although the cilia were required for the
full activation of both Glil and Gli2, and the formation of the floor plate, they were not required for V3
interneuron and motor neuron progenitor formation when Gli1 was expressed from the Gli2 locus,
suggesting that Glil activation was not fully dependent on the cilia (Figure 8).

Genetic analyses using Ift88 or Kif3a mutants have been widely used to test the roles of cilia in
numerous biological processes (e.g., [45-47]). Although Ift88 has been shown to regulate mitotic spindle
orientation, immune synapse, and cell migration independent of the cilia, to our best knowledge,
no solid evidence exists to support a cilia-independent role for Ift88 in Shh-mediated neural tube
patterning [48-51]. Therefore, we strongly believe that the neural tube patterning changes in the
absence of Ift88 likely indicate the roles of the primary cilia in the activation of various Gli variants,
rather than a cilia-independent function of Ift88.

One possible explanation for this cilia-independent partial Glil activation was that Glil was more
stable than Gli2, leading to either Hh-independent activation of target gene expression or a lower
threshold of cellular response to Hh signaling. Our results appeared to counter this explanation. First,
we did not see any difference between Smo and Gli2'¥;Smo double mutant neural tube, suggesting that
Glil was not activated in the absence of upstream Hh pathway input (Figure 8). Second, reducing the
dosage of Sufu in Gli2’ embryos did not result in an increase in Hh pathway activity and a change in
neural tube patterning, suggesting that it was unlikely that increased Glil level led to a lower threshold
to Hh response through overriding Sufu function. Finally, we show that Gli2*“'R, with a protein level
significantly higher than that of Glil in their respective knock-in embryos, did not support ectopic
V3 and motor neuron progenitor formation in the absence of cilia, suggesting that the phenotype in
Gli2™ki/*;1ft88~/~ double mutants did not result from a simple increase in Gli protein level.

Interestingly, GIi2'¥ neural tube exhibits normal pattern along its D/V axis whereas V3 and motor
neuron domains were expanded dorsally in Gli2'¥;Ift88 double mutants, suggesting a negative role of
the cilia in Hh signaling. We show that reducing Gli3 dosage in Gli2’¥ neural tube similarly resulted
in dorsal expansion of these ventral neuronal domains, suggesting that reduced Gli3 repressor activity
in the absence of cilia contributed to this negative role of the cilia. Similar negative roles of the cilia
have been reported in previous studies of skin and brain tumors caused by activating mutations in Gli
proteins [45,46].



J. Dev. Biol. 2019, 7, 5 14 of 17

cilium

Foxa2 nucleus /

Figure 8. Cilia-dependent and independent activation of Gli proteins. Both Glil and Gli2 are activated

by Smo-mediated Sonic hedgehog (Shh) pathway inside the cilia, leading to maximal activation (thick
arrows) of target gene transcription (Foxa2). Outside of the cilia, Smo partially activates Glil and lower
levels of transcriptional response (arrows with dashed lines, Nkx2.2 and Olig2). There is no direct
evidence for cilia-independent Gli2 activation, but this possibility cannot be completely ruled out yet.

One remaining question is why Glil, but not Gli2, appears to be partially activated in the absence
of cilia if the elevated protein level is not likely the major contributing factor. It is possible that Glil has
a unique response to Hh signaling outside of the cilia. Alternatively, the difference may be quantitative
as Glil does not appear to have a repressor domain at its N-terminus, making it a much stronger
transcriptional activator [3]. Therefore, if a cilia-independent activation mechanism exists to activate
Gli proteins at a very low level, the effect should be more detectable with Glil (Figure 8). Although such
a cilia-independent pathway for Gli-mediated transcription has not been detected, a non-canonical,
transcription-independent Hh/Smo pathway appears to be independent of the cilia [52-54]. Further
investigation will be needed to reveal the detailed molecular mechanism of the cilia-independent
Glil activity.

Author Contributions: Conceptualization, A.L.; methodology, Y.W. and H.Z. investigation, Y.W. and H.Z.; data
curation, YW. and H.Z.; writing—original draft preparation, A.L.; writing—review and editing, YW., H.Z. and
A.L.; supervision, A.L.; project administration, A.L.; funding acquisition, A.L.

Funding: This research has been supported by the US NSF (I105-0949877 and 10S-1257540) and a Penn State
University new faculty start-up fund.

Acknowledgments: We would like to thank N. Murcia, A. Joyner, R. Toftgard and M. Scott for sharing reagent.
The monoclonal antibodies against Foxa2, Nkx2.2, Nkx6.1, Pax6, Pax7 and Shh developed by Jessell, Madsen, and
Kawakami were obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the
NICHD and maintained by The University of Iowa, Department of Biological Sciences, lowa City, IA 52242, USA.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Briscoe, J.; Therond, P.P. The mechanisms of Hedgehog signalling and its roles in development and disease.
Nat. Re. Mol. Cell Biol. 2013, 14, 416-429. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nrm3598
http://www.ncbi.nlm.nih.gov/pubmed/23719536

J. Dev. Biol. 2019, 7, 5 15 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Nozawa, Y.I; Lin, C.; Chuang, P.T. Hedgehog signaling from the primary cilium to the nucleus: an emerging
picture of ciliary localization, trafficking and transduction. Curr. Opin. Genet. Dev. 2013, 23, 429-437.
[CrossRef] [PubMed]

Matise, M.P; Joyner, A.L. Gli genes in development and cancer. Oncogene 1999, 18, 7852-7859. [CrossRef]
Haycraft, C.].; Banizs, B.; Aydin-Son, Y.; Zhang, Q.; Michaud, E.J.; Yoder, B.K. Gli2 and Gli3 localize to cilia
and require the intraflagellar transport protein polaris for processing and function. PLoS Genet. 2005, 1, e53.
[CrossRef] [PubMed]

Chiang, C.; Litingtung, Y.; Lee, E.; Young, K.E.; Corden, J.L.; Westphal, H.; Beachy, P.A. Cyclopia and defective
axial patterning in mice lacking Sonic hedgehog gene function. Nature 1996, 383, 407—413. [CrossRef]
[PubMed]

Ding, Q.; Motoyama, J.; Gasca, S.; Mo, R.; Sasaki, H.; Rossant, J.; Hui, C.C. Diminished Sonic hedgehog
signaling and lack of floor plate differentiation in Gli2 mutant mice. Development 1998, 125, 2533-2543.
[PubMed]

Matise, M.P,; Epstein, D.].; Park, H.L.; Platt, K.A.; Joyner, A.L. Gli2 is required for induction of floor plate
and adjacent cells, but not most ventral neurons in the mouse central nervous system. Development 1998, 125,
2759-2770. [PubMed]

Litingtung, Y.; Chiang, C. Specification of ventral neuron types is mediated by an antagonistic interaction
between Shh and Gli3. Nat. Neurosci. 2000, 3, 979-985. [CrossRef]

Park, H.L.; Bai, C.; Platt, K.A.; Matise, M.P,; Beeghly, A.; Hui, C.C.; Nakashima, M.; Joyner, A.L. Mouse Glil
mutants are viable but have defects in SHH signaling in combination with a Gli2 mutation. Development
2000, 127, 1593-1605.

Bai, C.B.; Auerbach, W.; Lee, ].S.; Stephen, D.; Joyner, A.L. Gli2, but not Glil, is required for initial Shh
signaling and ectopic activation of the Shh pathway. Development 2002, 129, 4753—-4761.

Bai, C.B.; Stephen, D.; Joyner, A.L. All mouse ventral spinal cord patterning by hedgehog is Gli dependent
and involves an activator function of Gli3. Dev. Cell 2004, 6, 103-115. [CrossRef]

Mastrangelo, E.; Milani, M. Role and inhibition of GLI1 protein in cancer. Lung Cancer (Auckl) 2018, 9, 35-43.
[CrossRef] [PubMed]

Kasai, K. GLI1, a master regulator of the hallmark of pancreatic cancer. Pathol. Int. 2016, 66, 653—-660.
[CrossRef] [PubMed]

Lu, L; Wu, M,; Zhao, F; Fu, W,; Li, W,; Li, X,; Liu, T. Prognostic and clinicopathological value of Gli-1
expression in gastric cancer: A meta-analysis. Oncotarget 2016, 7, 69087-69096. [CrossRef] [PubMed]

Palle, K.; Mani, C.; Tripathi, K,; Athar, M. Aberrant GLI1 Activation in DNA Damage Response,
Carcinogenesis and Chemoresistance. Cancers 2015, 7, 2330-2351. [CrossRef] [PubMed]

Huangfu, D.; Liu, A.; Rakeman, A.S.; Murcia, N.S.; Niswander, L.; Anderson, K.V. Hedgehog signalling in
the mouse requires intraflagellar transport proteins. Nature 2003, 426, 83-87. [CrossRef]

Huangfu, D.; Anderson, K.V. Cilia and Hedgehog responsiveness in the mouse. Proc. Natl. Acad. Sci. USA
2005, 102, 11325-11330. [CrossRef]

Liu, A.; Wang, B.; Niswander, L.A. Mouse intraflagellar transport proteins regulate both the activator and
repressor functions of Gli transcription factors. Development 2005, 132, 3103-3111. [CrossRef]

May, S.R.; Ashique, A.M,; Karlen, M.; Wang, B.; Shen, Y.; Zarbalis, K.; Reiter, J.; Ericson, J.; Peterson, A.S.
Loss of the retrograde motor for IFT disrupts localization of Smo to cilia and prevents the expression of both
activator and repressor functions of Gli. Dev. Biol. 2005, 287, 378-389. [CrossRef]

Liu, J.; Zeng, H.; Liu, A. The loss of Hh responsiveness by a non-ciliary Gli2 variant. Development 2015, 142,
1651-1660. [CrossRef]

Cooper, A.F; Yu, K.P; Brueckner, M.; Brailey, L.L.; Johnson, L.; McGrath, ].M.; Bale, A.E. Cardiac and CNS
defects in a mouse with targeted disruption of suppressor of fused. Development 2005, 132, 4407-4417.
[CrossRef] [PubMed]

Svard, J.; Heby-Henricson, K.; Persson-Lek, M.; Rozell, B.; Lauth, M.; Bergstrom, A.; Ericson, J.; Toftgard, R.;
Teglund, S. Genetic elimination of Suppressor of fused reveals an essential repressor function in the
mammalian Hedgehog signaling pathway. Dev. Cell 2006, 10, 187-197. [CrossRef]

Liu, J.; Heydeck, W.; Zeng, H.; Liu, A. Dual function of suppressor of fused in Hh pathway activation and
mouse spinal cord patterning. Dev. Biol. 2012, 362, 141-153. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.gde.2013.04.008
http://www.ncbi.nlm.nih.gov/pubmed/23725801
http://dx.doi.org/10.1038/sj.onc.1203243
http://dx.doi.org/10.1371/journal.pgen.0010053
http://www.ncbi.nlm.nih.gov/pubmed/16254602
http://dx.doi.org/10.1038/383407a0
http://www.ncbi.nlm.nih.gov/pubmed/8837770
http://www.ncbi.nlm.nih.gov/pubmed/9636069
http://www.ncbi.nlm.nih.gov/pubmed/9655799
http://dx.doi.org/10.1038/79916
http://dx.doi.org/10.1016/S1534-5807(03)00394-0
http://dx.doi.org/10.2147/LCTT.S124483
http://www.ncbi.nlm.nih.gov/pubmed/29628779
http://dx.doi.org/10.1111/pin.12476
http://www.ncbi.nlm.nih.gov/pubmed/27862693
http://dx.doi.org/10.18632/oncotarget.12011
http://www.ncbi.nlm.nih.gov/pubmed/27634907
http://dx.doi.org/10.3390/cancers7040894
http://www.ncbi.nlm.nih.gov/pubmed/26633513
http://dx.doi.org/10.1038/nature02061
http://dx.doi.org/10.1073/pnas.0505328102
http://dx.doi.org/10.1242/dev.01894
http://dx.doi.org/10.1016/j.ydbio.2005.08.050
http://dx.doi.org/10.1242/dev.119669
http://dx.doi.org/10.1242/dev.02021
http://www.ncbi.nlm.nih.gov/pubmed/16155214
http://dx.doi.org/10.1016/j.devcel.2005.12.013
http://dx.doi.org/10.1016/j.ydbio.2011.11.022
http://www.ncbi.nlm.nih.gov/pubmed/22182519

J. Dev. Biol. 2019, 7, 5 16 of 17

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Kogerman, P.; Grimm, T.; Kogerman, L; Krause, D.; Unden, A.B.; Sandstedt, B.; Toftgard, R.;
Zaphiropoulos, P.G. Mammalian suppressor-of-fused modulates nuclear-cytoplasmic shuttling of Gli-1.
Nat. Cell Biol. 1999, 1, 312-319. [CrossRef] [PubMed]

Dunaeva, M.; Michelson, P.; Kogerman, P,; Toftgard, R. Characterization of the physical interaction of Gli
proteins with SUFU proteins. . Biol. Chem. 2003, 278, 5116-5122. [CrossRef] [PubMed]

Paces-Fessy, M.; Boucher, D.; Petit, E.; Paute-Briand, S.; Blanchet-Tournier, M.F. The negative regulator of Gli,
Suppressor of fused (Sufu), interacts with SAP18, Galectin3 and other nuclear proteins. Biochem. J. 2004, 378,
353-362. [CrossRef]

Lin, C; Yao, E.; Wang, K.; Nozawa, Y.; Shimizu, H.; Johnson, J.R.; Chen, J.N.; Krogan, N.J.; Chuang, P.T.
Regulation of Sufu activity by p66beta and Mycbp provides new insight into vertebrate Hedgehog signaling.
Genes Dev. 2014, 28, 2547-2563. [CrossRef] [PubMed]

Chen, M.H.; Wilson, CW.,; Li, YJ.; Law, KK,; Lu, C.S.; Gacayan, R.; Zhang, X.; Hui, C.C.; Chuang, P.T.
Cilium-independent regulation of Gli protein function by Sufu in Hedgehog signaling is evolutionarily
conserved. Genes Dev. 2009, 23, 1910-1928. [CrossRef] [PubMed]

Jia, ].; Kolterud, A.; Zeng, H.; Hoover, A.; Teglund, S.; Toftgard, R.; Liu, A. Suppressor of Fused inhibits
mammalian Hedgehog signaling in the absence of cilia. Dev. Biol. 2009, 330, 452-460. [CrossRef] [PubMed]
Humke, EZW.; Dorn, K.V.; Milenkovic, L.; Scott, M.P.; Rohatgi, R. The output of Hedgehog signaling is
controlled by the dynamic association between Suppressor of Fused and the Gli proteins. Genes Dev. 2010,
24, 670-682. [CrossRef]

Tukachinsky, H.; Lopez, L.V.; Salic, A. A mechanism for vertebrate Hedgehog signaling: Recruitment to cilia
and dissociation of SuFu-Gli protein complexes. J. Cell Biol. 2010, 191, 415-428. [CrossRef] [PubMed]

Bai, C.B.; Joyner, A.L. Glil can rescue the in vivo function of Gli2. Development 2001, 128, 5161-5172.
[PubMed]

Murcia, N.S.; Richards, W.G.; Yoder, B.K.; Mucenski, M.L.; Dunlap, J.R.; Woychik, R.P. The Oak Ridge
Polycystic Kidney (orpk) disease gene is required for left-right axis determination. Development 2000, 127,
2347-2355. [PubMed]

Buscher, D.; Grotewold, L.; Ruther, U. The Xt]J allele generates a Gli3 fusion transcript. Mamm Genome 1998,
9, 676—678. [PubMed]

Lakso, M.; Pichel, ].G.; Gorman, J.R.; Sauer, B.; Okamoto, Y.; Lee, E.; Alt, EW.; Westphal, H. Efficient in vivo
manipulation of mouse genomic sequences at the zygote stage. Proc. Natl. Acad. Sci. USA 1996, 93, 5860-5865.
[CrossRef] [PubMed]

Zeng, H.; Jia, J.; Liu, A. Coordinated translocation of mammalian Gli proteins and suppressor of fused to the
primary cilium. PLoS ONE 2010, 5, €15900. [CrossRef] [PubMed]

Liu, J.; Liu, A. Immunohistochemistry and RNA in situ hybridization in mouse brain development.
Methods Mol. Biol. 2014, 1082, 269-283. [CrossRef] [PubMed]

Walterhouse, D.; Ahmed, M.; Slusarski, D.; Kalamaras, J.; Boucher, D.; Holmgren, R.; Iannaccone, P. Gli, a
zinc finger transcription factor and oncogene, is expressed during normal mouse development. Dev. Dyn.
1993, 196, 91-102. [CrossRef] [PubMed]

Hui, C.C,; Slusarski, D.; Platt, K.A.; Holmgren, R.; Joyner, A.L. Expression of three mouse homologs
of the Drosophila segment polarity gene cubitus interruptus, Gli, Gli-2, and Gli-3, in ectoderm- and
mesoderm-derived tissues suggests multiple roles during postimplantation development. Dev. Biol. 1994,
162, 402-413. [CrossRef] [PubMed]

Goodrich, L.V.; Milenkovic, L.; Higgins, K.M.; Scott, M.P. Altered neural cell fates and medulloblastoma in
mouse patched mutants. Science 1997, 277, 1109-1113. [CrossRef] [PubMed]

Wang, B.; Fallon, J.F,; Beachy, P.A. Hedgehog-regulated processing of Gli3 produces an anterior/posterior
repressor gradient in the developing vertebrate limb. Cell 2000, 100, 423-434. [CrossRef]

Pan, Y.; Bai, C.B.; Joyner, A.L.; Wang, B. Sonic hedgehog signaling regulates Gli2 transcriptional activity by
suppressing its processing and degradation. Mol. Cell Biol. 2006, 26, 3365-3377. [CrossRef] [PubMed]
Zhang, Q.; Zhang, L.; Wang, B.; Ou, C.Y,; Chien, C.T,; Jiang, ]. A hedgehog-induced BTB protein modulates
hedgehog signaling by degrading Ci/Gli transcription factor. Dev. Cell 2006, 10, 719-729. [CrossRef]
[PubMed]


http://dx.doi.org/10.1038/13031
http://www.ncbi.nlm.nih.gov/pubmed/10559945
http://dx.doi.org/10.1074/jbc.M209492200
http://www.ncbi.nlm.nih.gov/pubmed/12426310
http://dx.doi.org/10.1042/bj20030786
http://dx.doi.org/10.1101/gad.249425.114
http://www.ncbi.nlm.nih.gov/pubmed/25403183
http://dx.doi.org/10.1101/gad.1794109
http://www.ncbi.nlm.nih.gov/pubmed/19684112
http://dx.doi.org/10.1016/j.ydbio.2009.04.009
http://www.ncbi.nlm.nih.gov/pubmed/19371734
http://dx.doi.org/10.1101/gad.1902910
http://dx.doi.org/10.1083/jcb.201004108
http://www.ncbi.nlm.nih.gov/pubmed/20956384
http://www.ncbi.nlm.nih.gov/pubmed/11748151
http://www.ncbi.nlm.nih.gov/pubmed/10804177
http://www.ncbi.nlm.nih.gov/pubmed/9680393
http://dx.doi.org/10.1073/pnas.93.12.5860
http://www.ncbi.nlm.nih.gov/pubmed/8650183
http://dx.doi.org/10.1371/journal.pone.0015900
http://www.ncbi.nlm.nih.gov/pubmed/21209912
http://dx.doi.org/10.1007/978-1-62703-655-9_18
http://www.ncbi.nlm.nih.gov/pubmed/24048940
http://dx.doi.org/10.1002/aja.1001960203
http://www.ncbi.nlm.nih.gov/pubmed/8364225
http://dx.doi.org/10.1006/dbio.1994.1097
http://www.ncbi.nlm.nih.gov/pubmed/8150204
http://dx.doi.org/10.1126/science.277.5329.1109
http://www.ncbi.nlm.nih.gov/pubmed/9262482
http://dx.doi.org/10.1016/S0092-8674(00)80678-9
http://dx.doi.org/10.1128/MCB.26.9.3365-3377.2006
http://www.ncbi.nlm.nih.gov/pubmed/16611981
http://dx.doi.org/10.1016/j.devcel.2006.05.004
http://www.ncbi.nlm.nih.gov/pubmed/16740475

J. Dev. Biol. 2019, 7, 5 17 of 17

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Zhang, Q.; Shi, Q.; Chen, Y,; Yue, T,; Li, S.; Wang, B.; Jiang, J]. Multiple Ser/Thr-rich degrons mediate the
degradation of Ci/Gli by the Cul3-HIB/SPOP E3 ubiquitin ligase. Proc. Natl. Acad. Sci. USA 2009, 106,
21191-21196. [CrossRef] [PubMed]

Han, Y.G; Kim, H.J.; Dlugosz, A.A.; Ellison, D.W,; Gilbertson, R.J.; Alvarez-Buylla, A. Dual and opposing
roles of primary cilia in medulloblastoma development. Nat. Med. 2009, 15, 1062-1065. [CrossRef] [PubMed]
Wong, S.Y.; Seol, A.D.; So, PL.; Ermilov, A.N.; Bichakjian, C.K.; Epstein, E.H., Jr.; Dlugosz, A.A.; Reiter, ].F.
Primary cilia can both mediate and suppress Hedgehog pathway-dependent tumorigenesis. Nat. Med. 2009,
15, 1055-1061. [CrossRef]

Moore, E.R.; Yang, Y.; Jacobs, C.R. Primary cilia are necessary for Prxl-expressing cells to contribute to
postnatal skeletogenesis. J. Cell Sci. 2018, 131. [CrossRef]

Finetti, F; Paccani, S.R.; Riparbelli, M.G.; Giacomello, E.; Perinetti, G.; Pazour, G.J.; Rosenbaum, J.L.;
Baldari, C.T. Intraflagellar transport is required for polarized recycling of the TCR/CD3 complex to the
immune synapse. Nat. Cell Biol. 2009, 11, 1332-1339. [CrossRef]

Boehlke, C.; Janusch, H.; Hamann, C.; Powelske, C.; Mergen, M.; Herbst, H.; Kotsis, F; Nitschke, R.;
Kuehn, E.-W. A Cilia Independent Role of Ift88 /Polaris during Cell Migration. PLoS ONE 2015, 10, e0140378.
[CrossRef]

Delaval, B.; Bright, A.; Lawson, N.D.; Doxsey, S. The cilia protein IFT88 is required for spindle orientation in
mitosis. Nat. Cell Biol. 2011, 13, 461-468. [CrossRef]

Borovina, A.; Ciruna, B. IFT88 plays a cilia- and PCP-independent role in controlling oriented cell divisions
during vertebrate embryonic development. Cell Rep. 2013, 5, 37-43. [CrossRef] [PubMed]

Wei, LH.; Arastoo, M.; Georgiou, I; Manning, D.R.; Riobo-Del Galdo, N.A. Activation of the Gi
protein-RHOA axis by non-canonical Hedgehog signaling is independent of primary cilia. PLoS ONE
2018, 13, e0203170. [CrossRef]

Yuan, X.; Cao, J.; He, X,; Serra, R.; Qu, J.; Cao, X.; Yang, S. Ciliary IFT80 balances canonical versus
non-canonical hedgehog signalling for osteoblast differentiation. Nat. Commun. 2016, 7, 11024. [CrossRef]
[PubMed]

Bijlsma, M.E,; Damhofer, H.; Roelink, H. Hedgehog-stimulated chemotaxis is mediated by smoothened
located outside the primary cilium. Sci. Signal. 2012, 5, ra60. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1073/pnas.0912008106
http://www.ncbi.nlm.nih.gov/pubmed/19955409
http://dx.doi.org/10.1038/nm.2020
http://www.ncbi.nlm.nih.gov/pubmed/19701203
http://dx.doi.org/10.1038/nm.2011
http://dx.doi.org/10.1242/jcs.217828
http://dx.doi.org/10.1038/ncb1977
http://dx.doi.org/10.1371/journal.pone.0140378
http://dx.doi.org/10.1038/ncb2202
http://dx.doi.org/10.1016/j.celrep.2013.08.043
http://www.ncbi.nlm.nih.gov/pubmed/24095732
http://dx.doi.org/10.1371/journal.pone.0203170
http://dx.doi.org/10.1038/ncomms11024
http://www.ncbi.nlm.nih.gov/pubmed/26996322
http://dx.doi.org/10.1126/scisignal.2002798
http://www.ncbi.nlm.nih.gov/pubmed/22912493
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals 
	Immunofluorescence Assay on Cryosections 
	Immunoblot Analyses 
	RNA In Situ Hybridization on Cryosections 

	Results 
	Gli1 Expression Was Uncoupled from Hh Signaling in Gli21ki Embryos 
	The Cilia Are Essential for Maximal Activation of Gli1 
	Gli1 Was Partially Activated in the Absence of Cilia 
	Ectopic Gli1 Partially Ventralized the Neural Tube in the Presence of Reduced Gli3 
	Gli1 Expression from the Gli2 Locus Failed to Alter the Smo Mutant Phenotype 
	Increased Protein Level Was Not the Major Reason for the Cilia-Independent Gli1 Activation 

	Discussion 
	References

