
Spop regulates Gli3 activity and Shh signaling in dorsoventral 
patterning of the mouse spinal cord

Hongchen Cai and Aimin Liu*

Department of Biology, Eberly College of Science, Centers for Cellular Dynamics and Molecular 
Investigation of Neurological Disorders, Huck Institute of Life Sciences, The Pennsylvania State 
University, University Park, PA 16802, USA

Abstract

Sonic Hedgehog (Shh) signaling regulates the patterning of ventral spinal cord through the effector 

Gli family of transcription factors. Previous in vitro studies showed that an E3 ubiquitin ligase 

containing Speckle-type POZ protein (Spop) targets Gli2 and Gli3 for ubiquitination and 

degradation, but the role of Spop in Shh signaling and mammalian spinal cord patterning remains 

unknown. Here, we show that loss of Spop does not alter spinal cord patterning, but it suppresses 

the loss of floor plate and V3 interneuron phenotype of Gli2 mutants, suggesting a negative role of 

Spop in Gli3 activator activity, Shh signaling and the specification of ventral cell fates in the spinal 

cord. This correlates with a moderate but significant increase in the level of Gli3 protein in the 

Spop mutant spinal cords. Furthermore, loss of Spop restores the maximal Shh pathway activation 

and ventral cell fate specification in the Gli1;Sufu double mutant spinal cord. Finally, we show 

that loss of Spop-like does not change the spinal cord patterning in either wild type or Spop 
mutants, suggesting that it does not compensate for the loss of Spop in Shh signaling and spinal 

cord patterning. Therefore, our results demonstrate a negative role of Spop in the level and activity 

of Gli3, Shh signaling and ventral spinal cord patterning.
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1. Introduction

Sonic hedgehog (Shh), a member of the family of Hedgehog (Hh) signaling proteins, plays a 

central role in the stereotypical arrangement of neural progenitors along the dorsal/ventral 

(D/V) axis of the ventral spinal cord in vertebrates (Briscoe and Therond, 2013). The Shh 

protein, produced in the notochord and subsequently in the floor plate, forms a ventral-to-

dorsal gradient in the ventral spinal cord, and regulates the expression of a multitude of 
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target genes through a morphogen-like mechanism. These genes, mostly encoding 

transcription factors, subsequently interact with each other to form an intricate gene 

regulatory network that helps to sharpen the borders between them and define the locations 

of various groups of neural progenitors (Cohen et al., 2013).

The direct transcriptional responses to Shh are mediated by the effector Glioma-associated 

oncogene (Gli) family of transcription factors (Matise and Joyner, 1999). There are three Gli 

proteins in mammals, Gli1, 2 and 3. In the absence of Hh ligands, Gli2 and Gli3 are 

phosphorylated by PKA, CK2 and Gsk3, and are ubiquitinated by Cul1/β-TrCP ubiquitin 

ligase (Pan et al., 2006; Wang et al., 2000). The ubiquitinated Gli3 is partially degraded in 

the proteasome to produce a strong transcriptional repressor (Gli3R), whereas ubiquitinated 

Gli2 mostly undergoes complete degradation. Loss of Gli3 repressor activity results in 

ventralization of the forebrain and severe polydactyly in the limbs, but very subtle defects in 

the D/V patterning of the spinal cord, suggesting that the requirements for Gli3R activity 

vary dependent on the developmental contexts (Hui and Joyner, 1993; Persson et al., 2002; 

Theil et al., 1999; Tole et al., 2000).

Shh inhibits the Cul1/β-TrCP-based proteolytic processing of Gli3 and degradation of Gli2, 

and turns them into transcriptional activators (Gli2A and Gli3A) (Humke et al., 2010; Pan et 

al., 2006; Wang et al., 2000). Loss of Gli2 results in the loss of floor plate and great 

reduction of V3 interneurons, ventral-most spinal cord cell types dependent on high 

concentrations of Shh, suggesting that Gli2 is the primary activator of the Shh pathway 

(Ding et al., 1998; Matise et al., 1998). Interestingly, loss of both Gli2 and Gli3 results in 

more complete loss of all floor plate and V3 interneurons, as well as the mixing of other 

ventral cell types including the motor neurons, V1 and V2 interneurons, suggesting that 

Gli3A also contributes to Shh pathway activation in the spinal cord (Bai et al., 2004; Lei et 

al., 2004). The third member of the Gli family, Gli1, whose transcription is dependent on Hh 

signaling, contributes to, but is not essential for, ventral spinal cord patterning (Bai et al., 

2004; Park et al., 2000).

Suppressor of Fused (Sufu) inhibits Shh signaling and ventral spinal cord development in 

mammals (Cooper et al., 2005; Svard et al., 2006). In vitro studies suggested that Sufu 

represses Gli proteins both by sequestering them in the cytoplasm and by inhibiting Gli-

mediated transcription in the nucleus (Barnfield et al., 2005; Cheng and Bishop, 2002; Ding 

et al., 1999; Dunaeva et al., 2003; Kogerman et al., 1999; Lin et al., 2014; Merchant et al., 

2004; Murone et al., 2000; Paces-Fessy et al., 2004; Stone et al., 1999). Recent findings 

suggest that Hh signaling results in the primary cilium-dependent dissociation between Sufu 

and Gli proteins (Humke et al., 2010; Lin et al., 2014; Tukachinsky et al., 2010). 

Interestingly, we found that the floor plate and V3 interneurons failed to form in Gli1;Sufu 
double mutants, in striking contrast to normal spinal cord patterning in Gli1 mutants, 

suggesting that Sufu is required for the maximal activation of Shh signaling in the absence 

of Gli1 (Bai et al., 2002; Liu et al., 2012; Park et al., 2000). This positive function of Sufu 

correlates with the observation that the levels of Gli2 and Gli3 proteins are greatly reduced 

in the absence of Sufu, suggesting that Sufu may promote Shh signaling by protecting the 

Gli proteins from degradation (Chen et al., 2009; Jia et al., 2009; Wang et al., 2010).
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In addition to Cul1-based proteolytic processing, Gli2 and Gli3 are also subject to 

degradation mediated by a ubiquitin ligase containing Cul3 and Speckle-type POZ protein 

(Spop) (Chen et al., 2009; Wang et al., 2010; Wen et al., 2010; Zhang et al., 2009; Zhang et 

al., 2006). It was reported that Spop specifically targeted activated Gli3 for degradation 

(Wen et al., 2010), which appears to be consistent with reports suggesting antagonistic roles 

of Sufu and Spop in Gli2 and Gli3 degradation (Chen et al., 2009; Wang et al., 2010). These 

in vitro studies raised the possibility that Spop may be responsible for the great reduction in 

the levels of Gli2 and Gli3 in Sufu mutants. However, the in vivo roles of Spop in Shh 

signaling and spinal cord development, especially its role in Gli degradation in the absence 

of Sufu, have not been revealed.

Here we show that loss of Spop does not change the patterning of ventral spinal cord. This 

lack of spinal cord patterning defects does not result from redundancy with another Speckle-

type POZ protein, Spop-like (Spopl), as the Spopl;Spop double mutant spinal cord is also 

properly patterned along its D/V axis. Interestingly, the level of Gli3 protein increases 

significantly in the Spop mutant spinal cords, and removing Spop rescues the loss of floor 

plate and V3 interneurons in Gli2 mutants, suggesting that Spop negatively regulates Gli3A. 

On the other hand, no change in the level of Gli2 protein was observed in the absence of 

Spop, and the D/V patterning of Spop;Gli3 double mutant spinal cord resembles that of Gli3 
mutants, suggesting that Gli2 is not the major target of Spop in the spinal cord. Furthermore, 

loss of Spop fails to restore the levels of Gli2 and Gli3 in Sufu mutants, but does exacerbate 

the ectopic activation of Shh signaling and ventralization of the spinal cord, and restores the 

formation of the floor plate and V3 interneurons in the Gli1;Sufu double mutant spinal cord. 

In summary, our data suggest that Spop negatively regulates Gli3A activity and Shh 

signaling, but does not underlie the drastic decrease in the levels of Gli2 and Gli3 in Sufu 
mutants.

2. Materials and Methods

2.1 Animal work

Spoptm1a(KOMP)Mbp (SpoplacZKI) and Spopltm1(KOMP)Vlcg were generated by Knockout 

Mouse Project (http://www.komp.org). The Spop loss-of-function allele used in the current 

study was generated by breeding SpoplacZKI mutant strain to Tg(ACTFLPe)9205Dym/J 
(Rodríguez et al., 2000) to remove the lacZ cassette flanked by FRT sites, and subsequently 

to Tg(EIIa-Cre)C5379Lmgd/J (Lakso et al., 1996) to delete exons 4 and 5. Other mouse 

strains used in this study were Gli2tm2.1Alj in which a lacZ inserted into exon 2 abolished 

Gli2 expression (Bai and Joyner, 2001), Gli3Xt-J in which exons 10 to 15 were deleted 

resulting in a truncation following the first zinc finger motif (Hui and Joyner, 1993; Maynard 

et al., 2002), Gli1tm2Alj in which a lacZ cassette replaced exons 3 to 11 leading to expression 

of a non-functional Gli1 mutant that lacked zinc finger domain at best (Bai et al., 2002), and 

Sufutm1Rto in which a neomycin resistance cassette replaced exon 1 and prevented the 

expression of Sufu (Svard et al., 2006). All strains were kept on 129S2/SvPasCrl or C3H/

HeNCrl (Charles River Lab) background and genotyped as previously described. The animal 

work in this study was approved by the IACUC at the Penn State University.
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2.2 Quantitative real time polymerase chain reaction (qRT-PCR)

RNA was extracted with NucleoSpin RNA kit (Macherey-Nagel), and 1μg of RNA was used 

to synthesize cDNA with qScript cDNA Synthesis Kit (Quanta Biosciences, #95047-100). 

qRT-PCR was then performed in a StepOne Plus Real-time PCR system (Applied 

Biosystems) with PerfeCTa SYBR Green SuperMix (Quanta Biosciences). Primers used: 

Spopl, 5′-TCAACGTTTTCTTCAGGCCC-3′ and 5′-AAATCCCCAGTCCTTCCCCT-3′; 

Gapdh, 5′-GTCGGTGTGAACGGATTTGG-3′ and 5′-

GACTCCACGACATACTCAGC-3′; Ptch1, 5′-CTCCAAGTGTCGTCCGGTTT-3′ and 5′-

ACCCATTGTTCGTGTGACCA-3′; Gli1, 5′-CGTTTGAAGGCTGTCGGAAG-3′ and 5′-

GCGTCTTGAGGTTTTCAAGGC-3′.

2.3 Immunoblot analysis

Embryos were homogenized in embryo lysis buffer (10mM Hepes/400mM NaCl/0.1mM 

EGTA/0.5mM DTT/10% glycerol/1% Triton X-100, pH 7.9) containing protease inhibitors. 

Protein concentration was measured with Pierce BCA Protein Assay kit (Thermo-Fisher) 

and equal amount of total proteins were loaded to each well. Nitrocellulose membranes were 

blocked with PBS/5% chicken serum and subject to primary antibody incubation in PBS/

0.1% Tween-20/5% BSA, three washes in PBS/0.1% Tween-20, secondary antibody 

incubation in PBS/5% chicken serum and three washes in PBS/0.1% Tween-20. Primary 

antibodies used were Gli2 (R&D systems, AF3635, 1:500), Gli3 (R&D systems, AF3690, 

1:200) and β-tubulin. Secondary antibodies were conjugated with fluorophores for detection 

with Odyssey Imaging Systems (LI-COR).

2.4 Immunohistochemistry

Embryos were lightly fixed with 4% paraformaldehyde (PFA) in PBS and cryosectioned at 

10μm thickness. Sections were blocked in blocking buffer (PBS/1% goat serum/0.1% Triton 

X-100) and subject to primary antibody incubation, three washes, secondary antibody 

incubation and three washes. Antibody incubation and washes were all performed in 

blocking buffer. Primary antibodies used were Foxa2 (DSHB, 4C7, 1:40), Nkx2.2 (DSHB, 

74.5A5, 1:40), Olig2 (Millipore, AB9610, 1:1000), Nkx6.1 (DSHB, F55A12, 1:500) and 

Pax6 (DSHB, 1:500). Secondary antibodies were Cy3-conjugated (Jackson Lab, 1:500). 

Slides were then mounted in DABCO (Sigma-Aldrich). Images were obtained with a Nikon 

E600 microscope and a QImaging Micropublisher Digital Camera.

3. Results

3.1 Loss of Spop leads to a moderate but significant increase in the level of Gli3 protein

To reveal the roles of Spop in Shh signaling and the D/V patterning of the spinal cord, we 

characterized two Spop loss-of-function mutant alleles. One mutant allele, SpoplacZKI, 

contains a lacZ cassette knocked into the third intron of Spop, thus expresses lacZ under the 

control of Spop cis-regulatory elements (Fig. 1A). The other mutant allele, SpopΔEx, bears a 

deletion of the 4th and 5th exons of Spop, which was predicted to truncate the Spop protein 

at residue 26 due to a frame shift. Immunoblot analyses confirmed the absence of Spop 

protein in embryonic day (E) 10.5 homozygous mutant embryos for both alleles (Cai and 
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Liu, 2016). Both SpoplacZKI and SpopΔEx homozygous mutants exhibited neonatal lethality 

with skeletal defects (Cai and Liu, 2016). A small number of mutant embryos exhibited 

exencephaly (n= 11/157 homozygotes and 5/407 heterozygotes, combining both alleles) and 

spina bifida (n= 4/157 homozygotes, combining both alleles), suggesting that Spop may play 

a role in the development of the nervous system. For the rest of this study, we used SpopΔEx 

exclusively to investigate the roles of Spop in spinal cord development, and will abbreviate it 

as Spop mutant or Spop−.

Previous in vitro studies suggested that Spop targeted overexpressed Gli2 and Gli3 for 

degradation (Chen et al., 2009; Wang et al., 2010; Wen et al., 2010; Zhang et al., 2009). To 

investigate whether loss of Spop stabilizes Gli2 and Gli3 in the spinal cord, we examined the 

levels of these proteins in E10.5 embryos through immunoblotting analyses. We removed the 

heads, viscera and limbs from E10.5 embryos to specifically determine the protein levels in 

the spinal cord (Fig. 1E). Consistent with a role of Spop in Gli3 degradation, the levels of 

both full-length (Gli3FL) and repressor (Gli3R) forms of Gli3 were significantly increased 

in the Spop mutant spinal cord (Fig. 1G and H). In contrast, we did not observe an increase 

in the level of Gli2 in Spop mutants (Fig. 1F and H).

3.2 The D/V patterning of the Spop mutant spinal cord was normal

Most Spop mutant embryos resembled wild type morphologically (Fig. 2A, A′, G and G′). 

To investigate whether the increase in the level of Gli3 disrupted the D/V patterning of the 

spinal cord, we examined the expression of transcription factors specific for various groups 

of progenitor cells in the ventral spinal cord. At E9.5, Foxa2 and Nkx2.2 were both 

expressed in the ventral-most spinal cord (Fig. 2B and C), while at E10.5, Foxa2 and Nkx2.2 
labeled the floor plate (FP) and progenitors of V3 interneurons (p3), respectively (Fig. 2H, I 

and M). Olig2 labeled motor neuron progenitors (pMN) immediately dorsal to p3 (Fig. 2D, J 

and M). Nearly all ventral progenitor cells (p1, 2, 3 and pMN) expressed Nkx6.1 (Fig. 2E, K 

and M). Pax6 expression was present in dorsal and lateral regions of the spinal cord (Fig. 2F, 

L and M). We examined the expression patterns of these genes in both E9.5 and E10.5 Spop 
mutant spinal cords and found no change compared to their littermate controls (Fig. 2B′–F′ 
and H′–L′), suggesting that the moderate increase in the level of Gli3 was not sufficient to 

alter the early patterning of the ventral spinal cord. Consistent with this observation, the 

levels of Ptch1 and Gli1 expression were comparable between wild type and Spop mutant 

embryos, suggesting that Shh signaling activity was not affected by loss of Spop (Fig. S1A).

3.3 Loss of Spopl does not alter spinal cord patterning in wild type or Spop mutants

Spopl shares similar substrate specificity with Spop, albeit exhibiting weaker ubiquitin-

ligase activity (Choo et al., 2010; Errington et al., 2012). To investigate whether Spopl 

functionally compensates for the loss of Spop in mouse development, especially the D/V 

patterning of the spinal cord, we acquired a Spopltm1(KOMP)Vlcg mutant strain in which the 

entire coding region of Spopl was replaced with a lacZ reporter from KOMP (http://

www.komp.org) (Fig. 1B). Since the entire coding region is deleted, Spopltm1(KOMP)Vlcg 

(hereafter abbreviated as Spopl−) is an absolute null mutant allele. By qRT-PCR, we found 

that Spopl was expressed in E9.5 mouse embryos, and its expression was reduced by half in 

Spopl+/− and undetectable in Spopl−/− embryos (Fig. 1C). Spopl homozygous mutants were 
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healthy and fertile (n >55 mutants weaned), and the E10.5 mutant spinal cords were 

patterned properly along the D/V axis, suggesting that Spopl did not play an essential role in 

mouse development and spinal cord D/V patterning (Fig. 3). Importantly, Spopl;Spop double 

mutant mice exhibit postnatal lethality, similar to Spop single mutants. We also found that 

the spinal cords were properly patterned in Spopl;Spop double mutants (Fig. 3). 

Furthermore, loss of Spopl did not affect the expression levels of Ptch1 and Gli1 (Fig. S1B). 

These data suggest that the Speckle-type POZ proteins, Spop and Spopl, are dispensable for 

the patterning of ventral spinal cord.

3.4 Loss of Spop restores normal patterning in the Gli2 mutant spinal cord

Neither Gli1 nor Gli3 was essential for the mammalian ventral spinal cord development (Bai 

et al., 2002; Park et al., 2000; Persson et al., 2002); however, the importance of these Gli 

proteins in supporting maximal Shh signaling and ventral spinal cord development was 

revealed with simultaneous reduction or ablation of Gli2, suggesting that these three Gli 

proteins share redundant functions in spinal cord patterning (Bai et al., 2004; Lei et al., 

2004; Park et al., 2000). This functional redundancy among the three mouse Gli proteins 

suggests that a moderate change in the activities of any member of this family may have a 

more obvious impact in the spinal cord pattering in the absence of another Gli protein. We 

hence removed Gli2 in Spop mutants to determine whether the increase in the level of Gli3 

rescues the spinal cord patterning defects resulting from loss of Gli2. The morphology of 

Spop;Gli2 double mutant embryos resembled that of Gli2 mutants at E10.5 (Fig. 4A–A″). 

As reported previously (Ding et al., 1998; Matise et al., 1998), the Foxa2-expressing FP was 

missing and Nkx2.2-expressing p3 cells were diminished in the Gli2 mutant spinal cord 

(Fig. 4B′, C′), whereas Olig2 expression was expanded to the ventral midline (Fig. 4D′). 

Interestingly, Foxa2 was expressed, and Nkx2.2 expression was increased, in the Spop;Gli2 
double mutant spinal cord (Fig. 4B″ and C″). Meanwhile, Olig2 expression was excluded 

from the ventral-most part of the Spop;Gli2 double mutant spinal cord (Fig. 4D″). The 

Nkx6.1 expression domain, which includes cell types that do not require high levels of Shh 

pathway activation, and Pax6 expression domain, which includes cell types that are inhibited 

by high levels of Shh activation, were similar in wild type, Gli2 mutants and Spop;Gli2 
double mutants (Fig. 4E–F″). We observed similar restoration of the spinal cord patterning 

in E9.5 Spop;Gli2 double mutants (Fig. S2). The restored formation of FP and p3 in the 

Spop;Gli2 double mutant spinal cords suggested an increase in Shh pathway activation. 

Supporting this hypothesis, the expression levels of Ptch1 and Gli1 were decreased in Gli2 
mutant embryos, and restored in Spop;Gli2 double mutants (Fig. S1C), suggesting that loss 

of Spop enhanced Shh signaling activity, which underlies the rescue of spinal cord 

patterning defect caused by loss of Gli2. Theoretically, changes in the activities of both Gli1 

and Gli3 could contribute to this increase; however, previous in vitro studies suggested that 

Spop did not target Gli1 for degradation (Chen et al., 2009; Zhang et al., 2009). Therefore, 

the increase in the activation of the Shh pathway in Spop;Gli2 double mutants likely results 

from an increase in the Gli3A activity (Fig. 1G), which is better revealed in the absence of 

Gli2.
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3.5 The ventral spinal cord was properly patterned in Spop;Gli3 double mutants

In contrast to the moderate increase in the level of Gli3, the level of Gli2 was not changed in 

Spop mutant neural tube (Fig. 1F and H). However, we could not rule out the possibility that 

Spop might regulate Gli2 activity without affecting its protein level. As the presence of Gli3 

repressor in the spinal cord may conceal the effect of any moderate increase in Gli2 activator 

activity, we sought to reveal such increase by removing Gli3 in Spop mutants. As previously 

reported, loss of Gli3 led to frequent exencephaly at E10.5 (Fig. 5A and A′), but had no 

impact on the expression of Foxa2, Nkx2.2, Olig2, Nkx6.1 and Pax6 (Fig. 5B–F′). If loss of 

Spop increased Gli2 activity, a dorsal expansion of FoxA2, Nkx2.2, Olig2 or Nkx6.1 
expression would be expected in Spop;Gli3 double mutants. In contrast, Spop;Gli3 double 

mutant embryos resembled Gli3 mutants morphologically (Fig. 5A″), and did not exhibit 

any change in the expression patterns of these genes in the ventral spinal cord (Fig. 5B″–F

″). Similarly, Spop;Gli3 double mutants resembled Gli3 mutants both in morphology and in 

spinal cord patterning at E9.5 (Fig. S3). These data suggest that loss of Spop does not result 

in a noticeable increase in Gli2 activity, consistent with the unchanged Gli2 level in Spop 
mutants (Fig. 1F, H).

3.6 Loss of Spop exacerbates the spinal cord patterning defects in Sufu mutants

A well-known negative regulator of Shh signaling, Sufu, is expressed in the spinal cord and 

plays an essential role in spinal cord D/V patterning (Cooper et al., 2005; Stone et al., 1999; 

Svard et al., 2006). We and others have previously shown that the levels of Gli2 and Gli3 

were drastically reduced in Sufu mutants, suggesting that in addition to its inhibitory 

function, Sufu may also protect Gli2 and Gli3 from degradation (Chen et al., 2009; Jia et al., 

2009; Wang et al., 2010). It was suggested that Spop might underlie the degradation of Gli2 

and Gli3 in the absence of Sufu, and prevent the full activation of Hh pathway (Chen et al., 

2009; Wang et al., 2010). To test this hypothesis, we performed immunoblot analyses on 

E9.5 Spop;Sufu double mutant embryos. We found a moderate increase in the level of 

Gli3FL in Spop;Sufu double mutants than in Sufu single mutants, although the difference 

did not reach statistical significance (Fig. 6). In contrast, the levels of Gli2 and Gli3R were 

comparable between Spop;Sufu double mutants and Sufu single mutants. Nevertheless, the 

levels of both Gli2 and Gli3 in Spop;Sufu double mutants were still significantly lower than 

those in wild type littermates, suggesting that Spop was not solely accountable for the 

drastic reduction of Gli2 and Gli3 in Sufu mutants (Fig. 6).

We next sought to investigate whether the moderate increase in the level of Gli3FL had an 

impact on the morphology and spinal cord patterning of Spop;Sufu double mutants. 

Consistent with our previous report (Liu et al., 2012), E9.5 Sufu mutant embryos exhibited 

twisted body axis and severe neural tube closure defects (Fig. 7A′). The Sufu mutant spinal 

cord was severely ventralized, with strong Foxa2, Nkx2.2 and Nkx6.1 expression throughout 

the D/V axis (Fig. 7B′–D′). Olig2 expression was strong in the dorsal spinal cord, but 

appeared weaker and scattered ventrally, consistent with its being activated by low levels of 

Shh signaling but repressed by high levels of Shh signaling (Fig. 7E′). Consistent with the 

hyperactivation of Shh signaling, Pax6 expression was restricted to just a few cells in the 

dorsal spinal cord of Sufu mutants (Fig. 7F′). Spop;Sufu double mutant embryos failed to 

turn, and exhibited severe neural tube closure defects like Sufu single mutants (Fig. 7A″). 
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Similar to Sufu mutants, the Spop;Sufu double mutant spinal cord exhibited widespread 

expression of Foxa2, Nkx2.2 and Nkx6.1 (Fig. 7B″–D″). Furthermore, Olig2 expression 

was only found in a few dorsal cells (Fig. 7E″), and Pax6 expression was completely absent, 

in the Spop;Sufu double mutant spinal cord (Fig. 7F″). These data indicate that loss of Spop 
leads to more severe ventralization of the spinal cords in the absence of Sufu.

Although it is formally possible that Spop may regulate an unknown process that indirectly 

affects the D/V patterning of the spinal cord, the similarity between the morphological and 

patterning defects between Spop;Sufu double mutants and those of previously reported 

Ptch1 mutants (Goodrich et al., 1997) and Sufu;Gli3 double mutants (Liu et al., 2012) 

suggests that the extreme ventralization of the spinal cord was likely the direct result of the 

hyperactivation of the Shh pathway due to loss of both Spop and Sufu.

3.7 Loss of Spop restored the ventral-most cell fates in the Gli1; Sufu double mutant spinal 
cord

We previously found that the FP and p3, the ventral-most cell types in the spinal cord, were 

lost in Gli1;Sufu double mutants, but not in Gli1 single mutants, indicating a positive role of 

Sufu in Hh pathway activation (Liu et al., 2012). We hypothesized that Spop-mediated 

degradation of activated Gli2 and/or Gli3 in the absence of Sufu might underlie the loss of 

ventral cell types in Gli1;Sufu double mutants. Although the above immunoblot analyses 

(see Fig. 6) suggested that loss of Spop could not fully restore the levels of Gli2 and Gli3, 

we were encouraged by the exacerbation of the Sufu mutant spinal cord defects resulting 

from the additional loss of Spop, and tested the impact of loss of Spop on the spinal cord 

patterning defects of Gli1;Sufu double mutants. E9.5 Gli1;Sufu double mutant embryos 

exhibited less severe neural tube closure defects than Sufu single mutants, especially in the 

anterior part of the embryos (compare Fig. 8A′ to Fig. 7A′). Consistent with our previous 

report (Liu et al., 2012), fewer Foxa2- and Nkx2.2-expressing cells were present in the E9.5 

Gli1;Sufu double mutant spinal cord compared to Gli1 single mutants (Fig. 8B–C′). 

Meanwhile, the Olig2 and Pax6 expression domains were expanded toward the ventral 

midline (Fig. 8D, D′, F and F′), suggesting that Sufu was required for the full activation of 

Hh pathway in the absence of Gli1. The Olig2 and Nkx6.1 domains were also expanded 

more dorsally in Gli1;Sufu double mutants than in Gli1 single mutants, suggesting that 

lower levels of ectopic activation of Shh signaling persisted in the double mutants (Fig. 8D–

E′). In contrast, Spop;Gli1;Sufu triple mutants exhibited widespread edema in addition to 

more severe neural tube closure defects than those of Gli1;Sufu double mutants (Fig. 8A″). 

Interestingly, the expression domains of Foxa2, Nkx2.2 and Nkx6.1 were all dorsally 

expanded in Spop;Gli1;Sufu triple mutants, indicating higher levels of Shh pathway 

activation in the absence of Spop (Fig. 8B″, C″ and E″). Moreover, the expression of Olig2 
and Pax6, which was inhibited by high levels of Shh signaling, was restricted to the dorsal 

regions of the spinal cord in Spop;Gli1;Sufu triple mutants (Fig. 8D″ and F″). These results 

suggest that Spop plays a negative role in Shh pathway activation and ventral spinal cord 

development, and accounts for the lack of maximal activation of Shh pathway in Gli1;Sufu 
double mutant embryos.
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To assess the Shh pathway activity more directly, we examined the expression of the lacZ 

reporter inserted into the Gli1 locus (Gli1-lacZ). As reported previously, Gli1-lacZ 
expression formed a ventral-to-dorsal gradient in the Gli1 mutant spinal cord, consistent 

with the existence of a ventral-to-dorsal Shh signaling gradient (Fig. 8G; Bai et al., 2002). A 

notable exception was the floor plate, in which prolonged exposure to extremely high Shh 

activity resulted in a downregulation of Gli1-lacZ expression, as previously reported (Fig. 

8G; Ribes et al., 2010). Consistent with the widespread low and intermediate levels of Shh 

pathway activation but lack of maximal Shh pathway activation, strong Gli1-lacZ expression 

is present throughout the entire Gli1;Sufu double mutant spinal cord (Fig. 8G′). 

Interestingly, Gli1-lacZ is downregulated in the ventral region of the Spop;Gli1;Sufu triple 

mutant spinal cords, suggesting the restoration of maximal activation of Shh signaling (Fig. 

8G″). Combined with the above spinal cord D/V patterning analyses, we conclude that loss 

of Spop allows maximal activation of Shh pathway in the absence of Gli1 and Sufu.

4. Discussion

Despite extensive studies in Drosophila and cultured cells (Chen et al., 2009; Kent et al., 

2006; Seong et al., 2010; Wang et al., 2010; Wen et al., 2010; Zhang et al., 2009; Zhang et 

al., 2006), the in vivo function of Spop in Shh signaling and mouse spinal cord ventral 

patterning has not been revealed. In the present study, we show that Spop negatively 

regulates the protein level of Gli3, but not Gli2. As a result, ventral spinal cord patterning in 

Gli2 mutants, in which Gli3 activator acts as the primary effector of the Shh pathway, is 

subject to Spop regulation. In addition, we reveal a role of Spop in dampening Shh pathway 

over-activation in the absence of Sufu, especially in preventing the maximal activation of 

Shh signaling and the ventral-most cell fates in the Gli1;Sufu double mutant spinal cord 

(Fig. 9).

In Drosophila, the loss of roadkill (hib/rdx), the homolog of Spop, results in an obvious 

activation of Hh signaling, which is in striking contrast to the normal Shh-dependent D/V 

patterning of the spinal cord in Spop null mutants (Kent et al., 2006; Seong et al., 2010; 

Zhang et al., 2006). Two factors may underlie this difference. First, the Drosophila hib/rdx is 

highly expressed only in cells experiencing high levels of Hh pathway activation, whereas 

mouse Spop is expressed at low levels throughout the spinal cord. Second, cubitus 

interruptus (ci) is the only Gli family member in Drosophila and it is targeted by hib/rdx for 

degradation. In contrast, there are three mammalian Gli family members, and Gli3, better 

known for its repressor function in Hh signaling, appears to be the only endogenous target 

for Spop-mediated degradation. Therefore, it is not surprising that loss of Spop only impacts 

the spinal cord patterning in the absence of Gli2.

Previous studies showed that Spop targets both Gli2 and Gli3 for degradation in vitro (Chen 

et al., 2009; Wang et al., 2010; Wen et al., 2010; Zhang et al., 2009; Zhang et al., 2006). In 

contrast, the level of Gli3, but not Gli2, increased in Spop mutant embryos. Since Spop 

interacts with both the N and C termini of Gli3 but only with the C terminus of Gli2, it is 

possible that Spop preferentially binds Gli3 but not Gli2 under physiological condition 

(Wang et al., 2010; Zhang et al., 2009). Alternatively, Gli2 may be associated with other 
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proteins that prevent its interaction with Spop, or protect it from subsequent degradation in 
vivo.

Previous in vitro studies showed that RNAi knockdown of Spop restored the levels of Gli2 

and Gli3 to, or even above the wild type level in Sufu mutant cells (Chen et al., 2009; Wang 

et al., 2010) or cells treated with Shh (Wen et al., 2010). In contrast, our data show that 

removal of Spop has no impact on the level of Gli2 and only moderately increases the level 

of Gli3FL in Sufu mutant embryos (Fig. 6). The difference between our observation and the 

previous ones could reflect the intrinsic difference between the permanent knockout mutant 

embryos and cells in culture with transient knockdown of the Spop protein. Recent studies 

have shown that compensatory mechanisms might be activated only in mutant embryos, but 

not in transient knockdown assays (e.g. Hall et al., 2013). It will be interesting to investigate 

whether this is indeed the case in Spop mutants.

Despite the lack of full restoration of the levels of Gli2 and Gli3 (Fig. 6), we show that 

removing Spop does result in more extreme ventralization of the Sufu mutant spinal cord 

and rescue the formation of the FP and p3 interneuron progenitors in the Gli1;Sufu double 

mutant spinal cord, suggesting higher levels of Shh signaling in both cases. It is possible that 

the moderate increase in Gli3FL is sufficient for this increase in Hh pathway activity in the 

absence of Spop. Alternatively, Spop may inhibit Gli activator activities through additional, 

degradation-independent mechanisms. Interestingly, a recent work showed that hib/rdx 

inhibits the maximal activation of Hh signaling at the border between the anterior and 

posterior compartments of the wing disc by sequestering ci in the cytoplasm (Seong et al., 

2010). It is possible that a similar mechanism may partially underlie Spop function in 

mammals as overexpression of Spop appears to sequester Gli3 in the cytoplasm in cultured 

cells (Chen et al., 2009 and data not shown). An antibody that specifically recognizes 

Gli3FL will allow us to investigate whether this is true with endogenous Gli3.

Due to difficulty in breeding Spop;Sufu double mutants, we analyzed spinal cord patterning 

in only two Spop;Sufu double mutant embryos. However, these two double mutants both 

exhibited more extreme ventralization of the spinal cord than Sufu mutants. Importantly, the 

comparison between Gli1;Sufu double and Spop;Gli1;Sufu triple mutants also show the 

exacerbation of spinal cord ventralization and Shh signaling activation as the result of loss of 

Spop. Therefore, we are confident at the conclusion that Spop plays an important negative 

role in Shh pathway activation in the absence of Sufu.

Spopl shares similar substrate specificity as Spop, but exhibits much weaker ubiquitin-ligase 

activity in vitro (Errington et al., 2012). It was suggested that Spopl interferes with the more 

efficient Spop and may have a dominant-negative effect. However, we did not observe any 

morphological or patterning defects in Spopl mutants, and Spopl;Spop double mutants 

appear to be identical to Spop mutants. These suggest that functional redundancy between 

these two speckle-type POZ proteins does not underlie the lack of noticeable patterning 

defects in the Spop mutant spinal cord.

In recent years, it has become increasingly appreciated that prolonged exposure to Shh 

ligand changes the sensitivity of the spinal cord cells to the ligand, a phenomenon termed as 
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adaptation (Balaskas et al., 2012; Dessaud et al., 2010; Ribes et al., 2010). A mathematical 

model has been proposed that involves transcriptional upregulation of Ptch1, transcriptional 

downregulation of the Gli genes, and differential degradation of the Gli activators as 

important contributing factors for adaptation (Cohen et al, 2015). As previous in vitro 
studies suggested that Spop differentially targets the activator form of Gli3 for degradation, 

the increase in Hh pathway activation in E9.5 Spop;Gli2 double mutants as indicated by the 

levels of Ptch1 and Gli1 transcription could result, at least partly, from altered adaptation 

(see Fig. S1C). A closer scrutiny at the temporal profile of Shh pathway activity in this 

mutant will help to provide a more definitive answer.

In conclusion, we find an in vivo role of Spop in Gli3 degradation and ventral spinal cord 

patterning better revealed in the absence of Gli2. Loss of Spop in the absence of Sufu 
exacerbates Hh pathway over-activation and spinal cord ventralization without fully 

restoring the levels of Gli2 and Gli3 proteins. Our results provide insight into the roles of 

Spop in the regulation of Gli3 activity and spinal cord development in vivo, and suggest 

more complexity in the mechanisms of Spop function unappreciated in previous in vitro 
studies. They also raise new questions such as what, if not Spop, is responsible for the 

drastic reduction of Gli2 and Gli3 in Sufu mutants, which will continue to be an interesting 

question awaiting an answer.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Spop and Spop-like are dispensable for the dorsoventral patterning of the 

mouse spinal cord.

• Loss of Spop leads to a significant increase in the level of Gli3, but not Gli2, 

in the mouse spinal cord.

• Removing Spop rescues the formation of the floor plate and V3 interneuron 

progenitors, cell types requiring the maximal activation of Shh signaling, in 

the absence of Gli2, consistent with an increase in Gli3 activator activity.

• Removing Spop allows more extreme Hh pathway activation and spinal cord 

ventralization in the absence of Sufu, and restores the formation of the floor 

plate and V3 interneuron progenitors in the absence of Sufu and Gli1.

• Loss of Spop results in a moderate increase in the level of Gli3 in the absence 

of Sufu, but fails to restore the level of Gli2 or Gli3 to the wild type level, 

suggesting additional mechanisms underlying Gli protein level regulation in 

Sufu mutants.
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Fig. 1. A moderate increase in Gli3 protein level in the Spop mutant spinal cords
(A) A schematic illustration of Spop loss-of-function mutant alleles. SpoplacZKI contained a 

lacZ and neomycin resistance cassette. SpopΔEx was generated from recombination of 

introduced FRT and loxP sites that deletes the 4th and 5th exons. This deletion also resulted 

in a frame shift that truncated the protein. (B) A schematic illustration of Spopl null mutant 

allele, in which a lacZ reporter replaced the entire protein-coding region of Spopl. pA: 

polyA signal. (C) Quantitative real time PCR showing the absence of Spopl transcript in 

E9.5 Spopl mutant embryos (mean ± SEM, n=3 wild type, 4 Spopl+/− and 5 Spopl−/− 

embryos). (D) X-gal staining of E9.5 SpoplacZKI heterozygotes and homozygotes showing 

Spop expression in the neural tube. (E) A schematic illustration of tissue (highlighted 

region) used for immunoblot in (F) and (G). The trunks of E10.5 embryos were freed of 

viscera and limbs to minimize the effect of Gli proteins in these tissues. (F) Immunoblots 

with antibodies against Gli2 and β-tubulin. (G) Immunoblots with antibodies against Gli3 

and β-tubulin. (H) Quantification of (F) and (G) (mean ± SEM from n=6 embryos per 

group). Student’s t-test showed a significant increase in the levels of Gli3FL and Gli3R, but 

not Gli2 in Spop mutants.
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Fig. 2. Normal ventral patterning of the Spop mutant spinal cords
(A, A′) Lateral views of E9.5 control (A) and Spop (A′) mutant embryos. (B–F′) 

Immunofluorescent images of transverse sections of E9.5 control (n=4 embryos) and Spop 
mutant (n=4 embryos) spinal cords at the forelimb level with indicated antibodies. (G, G′) 

Lateral views of E10.5 control (G) and Spop (G′) mutant embryos. (H–L′) 

Immunofluorescent images of transverse sections of E10.5 control (n=4 embryos) and Spop 
mutant (n=4 embryos) spinal cords at the forelimb level. The spinal cords are outlined with 

dash lines. Brackets indicate the expression domains. The span of each domain along the 

D/V axis is quantified and shown on the right. Relative D/V position is shown as the 

distance to the ventral-most point of the spinal cord as a percentage of the entire D/V span of 

the spinal cord. Student’s t-test suggests no significant difference between Spop mutant and 

control groups. (M) A schematic illustration of ventral spinal cord patterning at E10.5 

depicting the arrangement of various progenitor groups and the expression domains of 

marker genes in wild type embryos.
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Fig. 3. Normal ventral patterning of the Spopl mutant and Spopl;Spop double mutant spinal 
cords
(A–A″) Lateral views of E10.5 control (A), Spop mutant (A′) and Spopl;Spop double 

mutant (A″) embryos. (B–F″) Immunofluorescent images of transverse sections of E10.5 

control (n=4 embryos), Spopl mutant (n=4 embryos) and Spopl;Spop double mutant (n=4 

embryos) spinal cords at the forelimb level with indicated antibodies are shown. The spinal 

cords are outlined with dash lines. Brackets indicate the expression domains. The span of 

each domain along the D/V axis is quantified and shown on the right. Relative D/V position 

is shown as the distance to the ventral-most point of the spinal cord as a percentage of the 

entire D/V span of the spinal cord. Student’s t-test suggests no significant difference 

between Spopl;Spop double mutant, Spopl mutant and control groups. The morphology and 
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spinal cord neural patterning of both Spopl mutant and Spopl;Spop double mutant resemble 

wild type.
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Fig. 4. Restored floor plate and V3 interneuron progenitor fates in Spop;Gli2 double mutants
(A–A″) Lateral views of E10.5 control (A), Gli2 mutant (A′) and Spop;Gli2 double mutant 

(A″) embryos. (B–F″) Immunofluorescent images of transverse sections of E10.5 control 

(n=3 embryos), Gli2 mutant (n=3 embryos) and Spop;Gli2 (n=3 embryos) double mutant 

spinal cords at the forelimb level with indicated antibodies. The spinal cords are outlined 

with dash lines. Brackets indicate the expression domains. The span of each domain along 

D/V axis is shown on the right. Relative D/V position is shown as the distance to the ventral-

most point of the spinal cord as a percentage of the entire D/V span of the spinal cord. The 

width of Foxa2 and Nkx2.2 domains is also quantified (hollow columns). (B–B″) Foxa2 was 

present in the ventral-most region of the control and diminished in the Gli2 mutant, but 

restored in the Spop;Gli2 double mutant spinal cords. Student’s t-test was employed to 

compare the width of floor plate. *: p<0.05. (C–C″) Nkx2.2 was present in juxtaposition to 
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floor plate of the control but diminished in the Gli2 mutant, and was restored in the 

Spop;Gli2 double mutant spinal cords. Student’s t-test was employed to compare the size of 

V3 interneuron progenitor domain. *: p<0.05. (D–D″) Olig2 expression was excluded from 

the ventral-most region of control and Spop;Gli2 double mutant but expanded ventrally in 

Gli2 mutant spinal cords. Student’s t-test was employed to compare the distance from the 

Olig2 expression domain to the ventral-most point of the spinal cords. *: p<0.05. (E–F″) 

Nkx6.1 and Pax6 expression domains remained unchanged in the Gli2 mutant and 

Spop;Gli2 double mutant spinal cords.

Cai and Liu Page 21

Dev Biol. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. Spop;Gli3 double mutants resembled Gli3 mutants in ventral spinal cord patterning
(A–A″) Lateral views of E10.5 control (A), Gli3 mutant (A′) and Spop;Gli3 double mutant 

(A″) embryos. Arrows in A′ and A″ indicate exencephaly. (B–F″) Immunofluorescent 

images of transverse sections of E10.5 spinal cords in Gli3 mutant (n=4 embryos) and 

Spop;Gli3 double mutant (n=5 embryos) resembled those in the control (n=5 embryos) at 

the forelimb level with indicated antibodies. The spinal cords are outlined with dash lines. 

Brackets indicate the expression domains. The span of each domain is quantified and shown 

on the right. Relative D/V position is shown as the distance to the ventral-most point of the 

spinal cord as a percentage of the entire D/V span of the spinal cord. Student’s t-test 

suggests no significant difference between Spop;Gli3 double mutant, Gli3 mutant and 

control groups.
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Fig. 6. Moderate increase in the level of Gli3, but not Gli2, in Spop;Sufu double mutant embryos
(A) Immunoblots of E9.5 embryo lysates with indicated antibodies. (B) Quantitative 

analyses of the levels of Gli2, Gli3FL and Gli3R (normalized to β-tubulin, mean ± SEM) 

based on the data of immunoblot analyses. Statistical significance was determined with 

Student’s t-test.
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Fig. 7. Loss of Spop exacerbated the ventralization of the Sufu mutant spinal cord
(A–C) Lateral views of E9.5 wild type (A), Sufu mutant (A′) and Spop;Sufu double mutant 

(A″) embryos. Arrows in B and C indicate exencephaly; arrowheads indicate spina bifida. 

(B–F″) Immunofluorescent images of transverse sections of E9.5 spinal cords at the thoracic 

level. The spinal cords are outlined with dash lines. Brackets indicate the expression 

domains. (B–C″) Foxa2 and Nkx2.2 were expressed in the ventral-most region of wild type 

but expanded to the dorsal region in the Sufu mutant and Spop;Sufu double mutant spinal 

cords. (D–D″) Nkx6.1 expression domain was expanded to the dorsal region in both Sufu 
mutant and Spop;Sufu double mutant spinal cords. (E–E″) Olig2 expression was shifted to 

the dorsal region in Sufu mutant and even more dorsally shifted in Spop;Sufu double mutant 

spinal cords. (F–F″) Pax6 expression domain was shifted dorsally in Sufu mutant and was 

absent in Spop;Sufu double mutant spinal cord. n=2 embryos for each genotype were 

analyzed. The span of each domain is quantified and shown on the right. Relative D/V 

position is shown as the distance to the ventral-most point of the spinal cord as a percentage 

of the entire D/V span of the spinal cord.
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Fig. 8. Loss of Spop rescued the floor plate and V3 interneuron progenitor fates in Gli1;Sufu 
double mutant embryos
(A–A″) Lateral views of E9.5 Gli1 mutant (A), Gli1;Sufu double mutant (A′) and 

Spop;Gli1;Sufu triple mutant (A″) embryos. Arrows in A′ and A″ indicate exencephaly; 

white arrowheads indicate spina bifida; red arrowheads indicate edema. (B–G″) 

Immunofluorescent (B–F″) or Xgal-stained (G–G″) images of transverse sections of the 

E9.5 Gli1 mutant (n=3 embryos), Gli1;Sufu double mutant (n=3 embryos) and 

Spop;Gli1;Sufu triple mutant (n=3 embryos) spinal cords at the thoracic level. The spinal 

cords are outlined with dash lines. Brackets indicate the expression domains. The span of 

each domain along the D/V axis is shown on the right. Relative D/V position is shown as the 

distance to the ventral-most point of the spinal cord as a percentage of the entire D/V span of 

the spinal cord. Student’s t-tests were performed to compare the dorsal and ventral borders 

of expression domains of various genes. *: p<0.05. (B–C″) The expression of Foxa2 and 

Nkx2.2 in the ventral-most region of Gli1 mutant was diminished in Gli1;Sufu double 

mutant, but expanded dorsally in the Spop;Gli1;Sufu triple mutant spinal cords. (D–D″) 

Olig2 expression was expanded both ventrally and dorsally in Gli1;Sufu double mutant, but 

was dorsally restricted in the Spop;Gli1;Sufu triple mutant spinal cords. (E–E″) Nkx6.1 
expression domain was expanded dorsally in the Gli1;Sufu double mutant and more dorsally 

in the Spop;Gli1;Sufu triple mutant spinal cords. (F–F″) Pax6 expression domain was 

expanded ventrally in the Gli1;Sufu double mutant, and restricted to the more dorsal region 

in the Spop;Gli1;Sufu triple mutant spinal cord. (G) Gli1-lacZ expression formed a ventral-
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to-dorsal gradient in the Gli1 mutant spinal cord, with the exception of the floor plate, in 

which Gli1-lacZ has been downregulated. (G′) Strong Gli1-lacZ expression is present 

throughout the entire spinal cord of Gli1;Sufu double mutant. (G″) Gli1-lacZ is highly 

expressed in the dorsal, but not ventral region of the Spop;Gli1;Sufu triple mutant spinal 

cords.
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Fig. 9. A model of the roles of Spop in spinal cord patterning
(A) In the lateral region of the spinal cord (long range) including p0-pMN, low to 

intermediate levels of Shh reduce the production of Gli3R from Gli3FL by antagonizing the 

repressive function of Sufu, allowing the expression of genes such as Olig2 and Nkx6.1. In 

pFP and p3, high levels of Shh promote the production of Gli2A and Gli3A, which then 

activate the expression of Foxa2 and Nkx2.2. Gli2A plays a more predominant role than 

Gli3A in this context. Spop targets Gli3 for degradation, preventing over activation of the 

Shh pathway. (B) The levels of both Gli3A and Gli3R increase in the absence of Spop, but 

the effect of the increased Gli3A on the formation of pFP and p3 is only revealed in 

Spop;Gli2 double mutants, in which the much more potent Gli2A is absent. In Gli1;Sufu 
double mutants, the reduced levels of Gli2A and Gli3A are insufficient to support pFP and 

p3 formation. Loss of Spop increases Gli3A and rescues the formation of pFP and p3 in 
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Sufu;Gli1;Spop triple mutants. The moderate increase in Gli3R in the absence of Spop does 

not show apparent effect in ventral spinal cord patterning in various single and compound 

mutants.
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