The Pennsylvania State University
The Graduate School
Intercollege Program of Molecular, Cellular and Integrative Biosciences

INVESTIGATING THE ROLES OF PRIMARY CILIUM IN GLI PROTEIN
ACTIVATION AND HEDGEHOG SIGNALING PATHWAY USING SUFU/GLI
CILIARY RECRUITMENT SYSTEM

Thesis in
Molecular, Cellular and Integrative Biosciences
by
Xiaoxu Yang

©2017 Xiaoxu Yang

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Master of Science
December 2017

ii
The thesis of Xiaoxu Yang was reviewed and approved* by the following:

Aimin Liu
Associate Professor of Biology
Thesis Advisor

Adam Glick
Associate Professor of Veterinary and Biomedical Sciences
Chair of Molecular Medicine Program
Associate Chair of Molecular, Cellular and Integrative Biosciences Program

Xiong Na
Associate Professor of Veterinary and Biomedical Sciences

Melissa Rolls
Associate Professor of Biochemistry and Molecular Biology
Chair of Molecular, Cellular and Integrative Biosciences Program

*Signatures are on file in the Graduate School

iii
ABSTRACT

The Hedgehog (Hh) signaling pathway is crucial for various developmental
processes such as proliferation, differentiation and cell migration. Previous
research has shown that primary cilia are critical for Hh signaling transduction
in vertebrate. Major Hh pathway components are transported and accumulated
in cilia throughout pathway activity. Hh activation inhibits Sufu and Gli
phosphorylation, and induces their ciliary accumulation at the tips, where full
length Gli is processed into Gli activator. Phosphorylation of Sufu and Gli inside
cilia by PKA, GSK3b and CK1 seems to play an important role in Gli processing.
However, the molecular role of cilia in Gli protein activation is not completely
established.
Recent study in the lab has shown that lacking of Gli2 ciliary localization in
Gli2∆CLR mutant resulted in the loss of its response to Hh activation while still
remaining its intrinsic transcriptional activity. Replacing endogenous Gli2 with
Gli2∆CLR caused abnormal ventral spinal cord patterning indicating the lack of Hh
signal activation. These results support the idea that cilia play a critical role in
Gli2 activation. However, we did not reveal the molecular events that directly
lead to the activation of Gli2 once inside the cilia.
In this thesis study, we established cilia targeted Sufu system to recruit
Gli2∆CLR into the cilia through Sufu/Gli interaction to directly observe the role of
cilia in Gli2 activation. Since Sufu cannot localize to the cilia on its own, we
designed five kinds of ciliary sequence/protein fused Sufu. We used the ciliary
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target sequence (CTS) of fibrocystin and three different ciliary proteins Arl13b,
Sstr3 and 5HT6. Other than CTS targeted Sufu, which failed to localize into the
cilia, both C-terminus and N-terminus fused Arl13b, Sstr3 and 5HT6 are able to
target Sufu into the whole cilia. And both Arl13b and Sstr3 targeted Sufu can
recruit Gli2∆CLR into the cilia. Overall, we successfully established the ciliary
target Sufu system that can recruit Gli2∆CLR into the cilia through Sufu/Gli
interaction.
In conclusion, previous studies have established a strong connection
between the cilia and Hh signaling. However, the molecular details of Hh-induced
Gli/Sufu dissociation and the importance of the dynamic trafficking of Gli/Sufu
through the cilia remain elusive. Therefore, the Sufu/Gli ciliary recruitment
system will help improve our understanding of the cilia-dependent regulation of
Hh signaling.
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CHAPTER 1
INTRODUCTION

1.1 The Hedgehog signaling pathway
The Hedgehog signaling pathway in invertebrate and vertebrate
The Hedgehog (Hh) signaling pathway is crucial for various developmental
processes such as patterning, cell proliferation, differentiation and migration
(Ingham and McMahon, 2001; Ye and Liu, 2011). The abnormal activation of Hh
signaling pathway will result in various types of cancers, such as pancreatic
cancer, lung cancer, gastric cancer, breast cancer and medulloblastoma (Watt,
2004; Lees, 2006; Chowdhury et al., 2013; Ciucci et al., 2013; Chung et al., 2014).
Research has shown that mutations in the key components of Hh signaling
pathway or the irregular expression of Hh ligand are responsible for the
deregulation of Hh signaling pathway, which will further result in various types
of cancers (Delloye-Bourgeois et al., 2013; Zhao et al., 2016).
The Hh signaling pathway was initially discovered in Drosophila
melanogaster (Nusslein-Volhard and Wieschaus, 1980). The name of the Hh
ligand and pathway came from the Hh mutant larvae with their ectopic denticles
resembling Hedgehogs (Nusslein-Volhard and Wieschaus, 1980). Later gene
mutation experiments discovered Patched as the transmembrane receptor for
the Hh ligand, the G protein-coupled receptor like transmembrane protein
Smoothened (Smo) as the direct target of Patched, and Cubitus interruptus (Ci)
as the downstream transcription factor that will activate the Hh target genes
(Forbes et al., 1993; Ingham, 1998).
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The Hh signaling pathway also plays important roles in vertebrate
development, revealed by chick embryonic experiments and Drosophila homolog
mutations in mouse models (Ingham and McMahon, 2001). In vertebrate, there
are three mammalian Hh homologs, Sonic Hedgehog (SHH), Indian Hedgehog
(IHH) and Desert Hedgehog (DHH). These three Hh homologs serve specialized
functions in different tissues and organs (Katoh, 2005; Lin et al., 2014). SHH
expressed in the notochord is critical for neural progenitor specification in the
neural tube, while SHH expressed in the zone of polarizing activity (ZPA) in limbs
influences the limb patterning during embryonic development (Brisoe and
Ericson, 2001; Ahn and Joyner, 2004; Harfe et al., 2004). IHH is important for
regulation on chondrocyte proliferation and differentiation in skeletal
development (Long et al., 2001; Mak et al., 2008). DHH is expressed in the
gonads and nervous system, and is shown to be responsible for various cancers
(Lin et al., 2014; Nygaard et al., 2015).
In absence of Hh ligand, the transmembrane receptor Patched will locate on
the cilia membrane and inhibit the seven-transmembrane protein Smo. Patched
will also prevent Smo from localizing to the cilia membrane and prevent the
pathway from being activated (Figure 1) (Ye and Liu, 2011; Bangs and Anderson,
2017). The detailed mechanism of Ptch1 inhibition on Smo is still under
investigation (Wu et al., 2017). The transduction of Hedgehog signaling pathway
starts with Hh ligand production and secretion (Wong et al., 2011). Binding of Hh
ligand to Ptch1 will inactivate Ptch1 and release its repression on Smo. Smo will
then activate Ci in invertebrate or glioma-associated oncogene (Gli) transcription
factors in vertebrate, which will initiate the Hh target gene expression (Figure 1)
(Gorojankina, 2016; Bangs and Anderson, 2017).
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Figure 1: Hedgehog signaling transduction in the primary cilium. Hh signaling pathway is
cilia-dependent in mammals. Kif7 defines the cilia tip compartment. Sufu/Gli complex is
enriched at the tip. In absence of Hh, Ptch1 and Gpr161 are localized on the cilia
membrane, preventing Smo from entering cilia while activating PKA, which will
phosphorylate Gli3 on its PKA phosphorylation sites and generate Gli3 repressor to
repress Hh target genes. Ptch1 will be removed after binding Hh ligand, allowing Smo to
locate in the cilia. Sufu/Gli complex accumulate highly at cilia tip, where Gli2 will be
activated and later be processed into Gli2 activator. (Bangs and Anderson, 2017)

The Hh ligand, receptor Ptch1 and Smo
The production and secretion of the Hh ligand initiates the Hh signaling
transduction (Wong et al., 2011). In Drosophila, the initial 45kDa Hh ligand is
processed into a C-terminal fragment (HhC), which will be degraded through the
endoplasmic degradation, and a N-terminal fragment (HhNp), which will be
modified on its C-terminus by cholesterol and on its N-terminus by palmitic acid
(Lee et al., 1994; Porter et al., 1996; Pepinsky et al., 1998; Chen et al., 2011). The
cholesterol modified Hh ligand will be released from Hh producing cells with the
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help of the multi-transmembrane protein, Dispatched (Disp), in both Drosophila
and vertebrate (Kawakami, 2002; Ma et al., 2002; Callejo et al., 2011). Two more
groups of proteins, Dally and Dally-like (Dlp), and Interference Hedgehog (Ihog)
and Brother of Ihog (Boi) are required for Hh ligand releasing in Drosophila
(Ayers et al., 2010; Yan et al., 2010; Callejo et al., 2011).
The modified Hh ligand will be transported to the target cells through
several mechanisms, such as diffusion by the gradients, transportation through
exosomes, association with lipoproteins, or travel via cytonemes (Mceachern et
al., 2001; Greco et al., 2001; Roy et al., 2011; Palm et al., 2013). The receptor for
Hh ligand, Patched, is a twelve-transmembrane protein (Stone et al., 1996).
Drosophila has one Patched gene, while mammals have two, Ptch1 and Ptch2
(Motoyama, 1998). Ptch1 expression is regulated by Hh signaling and is used as a
marker for Hh signaling activation. The region between the C-terminus and the
last transmembrane domain of Ptch1 is essential for its localization in the cilia
and Hh signal transduction (Kim et al., 2015).
Downstream of Patched is the seven-transmembrane protein, Smo, which is
the positive regulator in Hh signaling pathway (Chen et al., 2001). In absence of
Hh ligand, Smo is inhibited by Patched through an unclear mechanism (Alcedo et
al., 1996; Wu et al., 2017). Removal of Patched is not required for Hh signaling
activation, but binding to Hh ligand removes Patched from the cilia and
trans-locates Smo onto the cilia membrane (Corbit et al., 2005; Rohatgi et al.,
2007; Wu et al., 2017). The conformational change of Smo by phosphorylation of
the carboxyl terminus in presence of Hh is crucial for its translocation onto the
cilia membrane through diffusion rather than positive transportation (Corbit et
al., 2005; Zhao et al., 2007; Aanstad et al., 2009; Milenkovic et al., 2015).
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Gli transcription factors and Sufu
Homolog to Drosophila Ci, vertebrate Gli family has three members, Gli1,
Gli2 and Gli3 (Ye and Liu, 2011). All three Gli proteins share the highly conserved
zinc finger motifs within their DNA-binding domain, which regulates the nuclear
localization of Gli proteins (Hallikas et al., 2006; Riobo and Manning, 2007; Ruiz
et al., 2007). Although Gli1, Gli2 and Gli3 all have the C-terminal activation
domain, the N-terminal repression domain is only found in Gli2 and Gli3 (Kasper
et al., 2006). Therefore, Gli1 is mainly a secondary activator, whose expression
dependent on Hh signaling activation (Park et al., 2000).
In absence of the Hh ligand, a highly conserved cAMP-dependent PKA is
required for the proteolytic processing of Gli proteins (primarily Gli3) into the
repressor form (Wang et al., 2014). PKA, concentrated at cilia base, is activated
by cAMP, the production of which is regulated by Gpr161, a G-protein-coupled
receptor (GPCR) on cilia membrane (Tuson et al., 2011; Mukhopadhyay et al.,
2013; Mick et al., 2015). In vertebrate, Gli3 is mainly proteolytically processed
into Gli3 repressor, while Gli2 is converted to Gli2 activator through an unknown
mechanism (Matise et al., 1998; Litingtung and Chiang, 2000).
In Drosophila, suppressor of Fused (Sufu) antagonizes the function of Hh
signaling activator Fu, while in vertebrate, Sufu is a key regulator that promotes
the production of Gli2 and Gli3 repressors (Shi et al., 2011; Wilson et al., 2009).
Sufu interacts with Gli proteins in the cytoplasm, preventing them from degraded
completely through ubiquitination (Chen et al., 2009; Liu et al., 2012). The
dissociation between Gli and Sufu is essential for Gli protein activation through
some unclear mechanisms (Tukachinsky et al., 2010).
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1.2 The primary cilia
The structure of primary cilia and ciliary trafficking
The primary cilia are highly conserved microtubule based structures that
project from the cell bodies into extracellular space (Sasai and Briscoe, 2012). In
vertebrate, almost every cell has one cilium extended from the cell surface to
sense and transduce extracellular signals (Wheatley, 1995; Rohatgi and Snell,
2011). Ciliary disorders, caused by cilia associated protein mutations in humans,
generally referred as ciliopathies, have revealed the importance of primary cilia
in embryonic development (Sharma et al., 2008; Quinlan et al., 2008).
The basic structure of the primary cilia contains the basal body, an axoneme
and cilia membrane (Figure 2). The axoneme is a peripheral ring structure made
of nine microtubule doublets (Satir and Christensen, 2007). At the bottom of the
axoneme is the basal body, which is also made of microtubules and is formed
from the mother centriole of the previous cell (Sasai and Briscoe, 2012). The cilia
membrane is the extension of plasma membrane surrounding the axoneme, and
is separated by the cilia pocket (Figure 2) (Molla-Herman et al., 2010).
Trafficking of membrane proteins through the transition zone is strictly and
dynamically controlled, but detailed mechanisms for identification of these cilia
membrane proteins remain unclear (Sasai and Briscoe, 2012).
The highly conserved intraflagellar transport (IFT) machinery is required
for cilia assembly and transportation of both soluble and membrane proteins
along the primary cilia (Rosenbaum and Witman, 2002). There are two
multi-subunit IFT complexes. IFT-A complex mediates retrograde transport and
anterograde transport of few proteins like Smo and Arl13b, while IFT-B complex
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mediates most of the anterograde transport (Bernabe-Rubio and Alonso, 2017).
IFT-A complex works with cytoplasmic dynein-2. There are two types of
kinesin-2 motors working with the IFT-B complex to transport cargos into the
cilia, heterotrimeric kinesin-2 complex of Kif3a, Kif3b and Kif-associated protein
KAP3, or homodimeric kinesin-2, KIF17 (Figure 2)( Sasai and Briscoe, 2012;
Taschner and Lorentzen, 2016)

Figure 2: The structure of primary cilia and ciliary trafficking. The primary cilium is
composed of the basal body, axoneme and the transition zone that separates them from
the rest of the cell. Anterograde transport in the cilia requires Kinesin-II moter proteins,
Kif3A, Kif3B or Kif7 with IFT-B complex proteins. Retrograde transport requires dynein
proteins, dync2h1, dync2l1 with IFT-A complex proteins. (Sasai and Briscoe, 2012)

Abnormal ciliary trafficking will result in serious human disorders, such as
the Bardet-Biedl syndrome (BBS), with phenotypes such as retinal degeneration,
polydactyly, cystic kidneys and obesity (Hernandez-Hernandez and Henkins,
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2015). The BBSome is composed of seven highly conserved BBS proteins, and
coat-like structure similar to COPI, COPII and clathrin (Jin and Nachury, 2009; Jin
et al., 2010). Research has shown that the BBSome is responsible for the ciliary
retrograde transport of GPCRs and membrane associated proteins (Lechtreck et
al., 2009; Xu et al., 2015).
Cilia dependent Hedgehog signaling in vertebrate
The primary cilia are required for Hh signaling transduction in vertebrate,
since the key components of Hh signaling pathway accumulate in the cilia and Hh
signaling transduction requires proper cilia functions (Ye and Liu, 2011). Initial
evidence linking primary cilia to Hh signaling came from the genetic screening
for mouse embryogenesis, identifying several IFT proteins such as IFT88 and
IFT172, anterograde motor Kif3a and retrograde motor Dync3h1 as required for
Hh signaling transduction (Huangfu et al., 2003).
Many of the key components of Hh signaling pathway are transported and
accumulated in the cilia. In absence of the Hh ligand, Ptch1 localized on the cilia
membrane inhibits Smo on the plasma membrane. PKA is accumulated at the
basal body phosphorylating Gli proteins, mainly Gli3, into the repressor form
(Rohatgi et al., 2007; Barzi et al., 2010). Ptch1 translocate out of the cilia after
binding to Hh ligand, allowing Smo to accumulate onto the cilia membrane from
the plasma membrane, which is required for Smo activation and downstream Hh
signaling transduction (Corbit et al., 2005; Milenkovic et al., 2015).
Ciliary level of Gli2 and Gli3 is very low in absence of Hh ligand, but Gli2 and
Gli3 will accumulate at the tip of the cilia upon Hh signaling activation (Kim et al.,
2009; Tukachinsky et al., 2010). The region between the C-terminus and the zinc
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finger domain has been shown to be required the ciliary localization and
activation of Gli proteins (Zeng et al., 2010; Liu et al., 2015). Kif7, one of the
kinesin family members and ortholog of the Drosophila Cos2, has been suggested
to be responsible for the ciliary localization of Gli proteins through physical
interaction (Sisson et al., 1997; Endoh-Yamagami et al., 2009).
Sufu is also accumulated at the tip of cilia in presence of Hh ligand as the
consequences of direct physical interaction with Gli proteins, even though the
inhibition of Gli activation is independent of the cilia (Chen et al., 2009; Jia et al.,
2009; Zeng et al., 2010). Dissociation between Gli and Sufu is cilia dependent and
important for downstream Hh signaling transduction. However, the location of
this occurrence is still under debate (Tukachinsky et al., 2010).

1.3 Neural tube development
Spinal cord patterning and neural progenitor differentiation
The spinal cord is a highly conserved region of the central nervous system
(CNS) in vertebrate, with strictly controlled patterns along both dorsal-ventral
(DV) axis and anterior-poster (AP) axis (Goulding et al., 1993). From the ventral
to the dorsal end, spinal cord is divided into 6 ventral domains, floor plate (FP),
p3, pMN, p2, p1 and p0 which will differentiate into interneurons v0, v1, v2, v3
and motor neurons (MNs), and 6 dorsal domains dP1-6 (Figure 3)(Briscoe and
Ericson, 2001; Sasai and Briscoe, 2012).
Particular combinations of transcription factors expressed in the neural
progenitors will determine the differentiation of the progenitor domains into
subtype neurons (Ribs and Briscoe, 2009). Two opposite signaling centers
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regulate the expression of these transcription factors. The dorsal roof plate (RP)
secretes the Wingless-type integration site (Wnt) proteins and the Bone
Morphogenetic Protein (BMP) families. The ventral floor plate (FP) secretes Shh
ligand (Le Dréau and Martí, 2012).

Figure 3: Neural tube patterning and neural tube phenotypes in Shh related ciliary mouse
mutants. The left panel shows the neural tube patterning along dorsal-ventral axis,
established by the gradient of Shh produced by the floor plate and notochord. The
progenitor domains p0, p1, p2, p3 and pMN will differentiate into interneurons v0, v1, v2,
v3 and motor neurons (MNs). The right panel summarizes the phenotypes observed in
mouse mutants that have defects in Shh related ciliary factors. (Sasai and Briscoe, 2012)

Sonic Hedgehog (Shh) signaling and neural tube patterning
Ventral neural tube patterning in mouse is determined by the concentration
of Shh ligand and the duration of the exposure (Dessaud et al., 2007). Shh ligand
is initially expressed in the notochord and then produced in the FP as well after
neural tube closure (Echelard et al., 1993; Roelink et al., 1995). The gradient of
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Shh ligand in the neural tube is at the peak at FP and decreases along the DV axis
towards RP (Figure 3) (Ribes and Briscoe, 2009). P3 progenitor domain is
exposed to the highest level of Shh, which triggers the strictly restrictive
expression of Nkx2.2, a homeodomain protein (Dessaud et al., 2007). Lower Shh
concentration is required for the induction of Olig2, the basic helix-loop-helix
(bHLH) transcription factor specifically expressed in pMN (Dessaud et al., 2007).
Gli proteins, the downstream transcription factors of Hh signaling pathway,
play important roles in the DV patterning of the neural tube. Expressions of the
Gli proteins start from E8.5 in the neural plate and ends around E16.5 (Lee et al.,
1997). The secondary and redundant roles of Gli1 were indicated in Gli1 mutant
mice with normal spinal cord patterning and Gli2 mutant mice that can be
completely rescued by Gli1 (Bai and Joyner, 2001).
Gli2 is the main activator in Hh signaling and is responsible for progenitors
exposed to high concentration of Shh, indicating by the complete loss of the FP
and reduction of V3 interneurons in Gli2 mutant mice (Figure 3) (Matise et al.,
1998). The repressor role of Gli3 is shown in Gli3 mutant mice with subtle dorsal
expansion of V0, V1 and V2 interneurons, and in Gli3/Shh double mutant mice
with the rescue patterning of the neural tube (Figure 3) (Persson et al., 2002).
The cilia dependent Shh signaling pathway is essential for neural tube
patterning during early embryonic development. The proper functions of the
downstream transcription factors, Gli1, Gli2 and Gli3 are required for the
formation of specific progenitor domains. However, the functions of primary cilia
in Gli protein activation remain unclear. In this thesis, I established a Sufu/Gli
ciliary recruitment system for further study on the roles of cilia in Gli activation.
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CHAPTER 2
SUFU/GLI CILIARY RECRUITMENT SYSTEM

2.1 General introduction
The Hedgehog (Hh) signaling pathway is crucial for various developmental
processes such as proliferation, differentiation and cell migration (Ye and Liu,
2011). In vertebrate, Hh signaling transduction requires primary cilia (Corbit et
al., 2005), microtubule-based organelles, projecting into the extracellular
environment from plasma membrane (Goetz and Anderson, 2010). Major Hh
pathway components are transported and accumulated in the cilia throughout
pathway activity (Ye and Liu, 2011). Previous studies have shown that mutations
in numerous ciliary genes compromise Hh signaling activity (Gorojankina, 2016).
However, the molecular mechanisms underlying the connection between cilia
and Hh signaling transduction remain enigmatic.
Gli family of transcription factors, Gli1, Gli2 and Gli3, mediates the
transcriptional responses to Hh ligand. Gli2 and Gli3 are dual functional
transcriptional factors with both repressor domain and activator domain. Gli2
functions primarily as a transcriptional activator while Gli3 is more efficiently
processed into its repressor form (Pan et al., 2006; Wang et al., 2000).
Suppressor of Fused (Sufu) is an important negative regulator of mammalian Hh
signaling pathway. Sufu physically interacts with Gli transcription factors and
inhibits their activation (Cooper et al., 2005).
Previous research has shown that primary cilia are critical for Hh signaling
transduction. In the absence of Hh, Sufu/Gli complexes travel through the cilia
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instead of accumulating at the tips. Sufu/Gli complexes are processed in the
cytoplasm into Gli repressors (Huangfu et al., 2003). Hh activation inhibits Sufu
and Gli phosphorylation and induces their ciliary accumulation at the tips
(Haycraft et al., 2005), where full-length Gli proteins are processed into Gli
activators (Humke et al., 2010). Phosphorylation of Sufu and Gli inside cilia by
PKA, GSK3b and CK1 seems to play an important role in Gli processing (Pan et al.,
2006; Tukachinsky et al., 2010). However, the molecular role of cilia in Gli
activation is not completely established.
Our recent study has shown that lacking of ciliary localization in Gli2∆CLR
mutant resulted in the loss of its response to Hh activation while still remaining
its intrinsic transcriptional activity (Liu et al., 2015). Replacing endogenous Gli2
with Gli2∆CLR showed abnormal ventral spinal cord patterning indicating lacking
of Hh signaling activation (Liu et al., 2015). These results suggested that ciliary
localization is required for Gli2 activation. However, we did not reveal the
molecular events that directly lead to the activation of Gli2 inside the cilia.
In this thesis study, we established cilia targeted Sufu system to recruit
Gli2∆CLR into the cilia through Sufu/Gli interaction to directly observe the role of
cilia in Gli2 activation. We hypothesize that restoring ciliary localization of Gli
proteins will allow them to respond to Hh signaling and assure the
dorsal/ventral neural patterning through Hh activation.

2.2 Results for cilia targeted mSufu
Gli2 is the main transcriptional activator in the Hh signaling pathway, which
is processed into its activator form and trans-locates into the nucleus to activate
downstream target genes (Ye and Liu, 2011). We previously found that Gli2∆CLR,

14
despite losing the ciliary localization, still interacted with Sufu (Liu et al., 2015).
We decided to use Sufu/Gli interaction to bring Gli2∆CLR back to the cilia.
However, Sufu does not localize to the cilia on its own (Figure 4A-1)(Liu et al.,
2010), so we designed five different types of Sufu fused with ciliary signal or
ciliary protein to target Sufu into the cilia.
N-terminus fused CTS could not target mSufu into the cilia
Fibrocystin, a large single transmembrane protein, localizes in the cilia.
Fibrocystin was mostly predicted to be extracellular other than its cytoplasmic
tail (Ward et al., 2003). Truncated experiments have revealed an 18-residue
motif (the first 3-20 amino acids) on the cytoplasmic tail to be required and
sufficient to target GFP into the cilia (Follit et al., 2010). The ciliary targeting
sequence (CTS) we used to fuse with mSufu was the first 1-20 amino acids of
fibrocystin, which has been shown to be able to target GFP into the cilia (Follit et
al., 2010). We were expecting to detect GFP and mSufu in the cilia (Figure 4A-3).
Gli proteins, expressed in WT cells, interact with mSufu and CTS-mSufu and
are able to locate them into the cilia (Figure 4B-2). In both cases about 70% of
cells had mSufu and CTS-mSufu accumulated at the tip of the cilia (Figure 4B-1).
When overexpressed in Gli2/3 double mutant cells, where no Gli protein is
expressed, mSufu could not be detected at any part of the cilia (Figure 4C-2). Not
as expected, CTS-mSufu was not detectable in the cilia either when
overexpressed in Gli2/3 double mutant cells (Figure 4C-2). More than 90% of
both mSufu and CTS-mSufu overexpressing cells had mSufu retained in the
cytoplasm (Figure 4C-1), suggesting that CTS did not target mSufu into the cilia
as designed.
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Figure 4: Ciliary targeting of mSufu using Ciliary Targeting Sequence (CTS). (A) Schematic
of ciliary target of CTS-mSufu. (A-1) mSufu is localized in the cilia through Sufu/Gli
interaction. (A-2) In Gli2/3 double mutant cells, where there is no Gli protein expression,
mSufu is retained in the cytoplasm. (A-3) The first 1-20 amino acids of fibrocystin CTS
were fused to the C-terminus of mSufu, as were expected to bring mSufu into the cilia.
(B) Ciliary localization of CTS-mSufu and mSufu in WT cells. (B-1) The ciliary localization
percentage of mSufu (red bars) or CTS-mSufu (blue bars) in WT cells. (B-2)
Immunocytochemistry results showing the localization of mSufu and CTS-mSufu (GFP
signals) in the cilia (ace-tub) in WT cells. (C) Ciliary localization of CTS-mSufu and mSufu
in Gli2/3 cells. (C-1) The ciliary localization percentage of mSufu (red bars) or CTS-mSufu
(blue bars) in Gli2/3 cells. (C-2) Immunocytochemistry results showing the localization of
mSufu and CTS-mSufu (GFP signals) in the cilia (ace-tub) in Gli2/3 cells.
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Since CTS is on the cytoplasmic tail, which is the start of the fibrocystin, and
injected into the ciliary membrane, we should have designed the CTS to be fused
on the N-terminus of GFP and mSufu. We should also have considered the size of
the fused GFP-mSufu protein and used more than one copy of CTS to make sure
that it can direct the protein to the ciliary membrane. Instead of experimenting
more with CTS, we decided to use some ciliary proteins Arl13b, Sstr3 and 5HT6
to target mSufu in the cilia.
Arl13b was able to target mSufu in the cilia when fused to either
N-terminus or C-terminus of mSufu
Ciliary protein Arl13b is one of Arf-like Ras superfamily of small GTPases
(Cevik et al., 2010). Research has shown that Arl13b plays important roles in
ciliogenesis and ciliary trafficking (Duldulao et al., 2009). Arl13b has shown to be
located along the whole axoneme, which is consistent with our results when
overexpressing Arl13b in both WT and Gli2/3 double mutant cells (Figure 5A-3)
(Hori et al., 2008; Cevik et al., 2010). The palmitoylation (Pal) modification motif
on the N-terminus of Arl13b is essential for its GTPase activity (Cevik et al.,
2010). Disruptions of the Pal modification motif showed restraint of Arl13b in
the cytoplasm, indicating that the association of Arl13b with ciliary membrane is
through palmitoyl anchors on the N-terminus of the protein (Cevik et al., 2010).
We first designed to fuse Arl13b to the C-terminus of GFP and N-terminus of
mSufu (Figure 6A-1a) to target mSufu into the cilia (Figure 5A-2) in absence of
Gli proteins. In WT cells where Gli proteins could help locate mSufu into the cilia,
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Figure 5: Ciliary targeting of mSufu using ciliary protein Arl13b. (A) Schematic of ciliary
target of Arl13b-mSufu. (A-1) mSufu is localized in the cilia through Sufu/Gli interaction
in WT cells. (A-2) Arl13b was fused to the N-terminus of mSufu and was expected to
target mSufu into the cilia in Gli2/3 cells. (A-3) Arl13b was located along the axoneme
when overexpressed in both WT and Gli2/3 cells. (B) Ciliary localization of Arl13b-mSufu
and mSufu in WT cells. (B-1) The ciliary localization percentage of mSufu (red bars) or
Arl13b-mSufu (blue bars) in WT cells. (B-2) Immunocytochemistry results showing the
localization of mSufu and Arl13b-mSufu (GFP signals) in the cilia (ace-tub) in WT cells.
(C) Ciliary localization of Arl13b-mSufu and mSufu in Gli2/3 cells. (C-1) The ciliary
localization percentage of mSufu (red bars) or Arl13b-mSufu (blue bars) in Gli2/3 cells.
(C-2) Immunocytochemistry results showing the localization of mSufu and Arl13b-mSufu
(GFP signals) in the cilia (ace-tub) in Gli2/3 cells.
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overexpressing mSufu showed that about 30% cells had mSufu localized at the
tip of the cilia and the rest of the cells in the cytoplasm, while overexpressing
Arl13b-mSufu showed that 30% of the cells had mSufu localized at the tip of the
cilia and 25% of cells along the whole cilia (Figure 5B-1 and Figure 5B-2). The
ciliary localization difference between mSufu and Arl13b-mSufu was more
apparent when overexpressing them in Gli2/3 cells where there’s no Gli protein
expression (Figure 5C-2). About half of Arl13b-mSufu expressing cells showed
whole ciliary localization of mSufu and the other half with mSufu localized in the
cytoplasm, while mSufu could not be detected in any of mSufu overexpressed
cells (Figure 5C-1).
These results suggested that Arl13b could target mSufu into the whole cilia
as expected. However, higher ciliary localization percentage was necessary to
ensure low background for functional studies. Therefore, we designed the
C-terminus fused mSufu-Arl13b (Figure 6A-1b) to compare the ciliary
localization efficiency when fusing Arl13b to different terminuses of mSufu.
We expected that mSufu-Arl13b also localized to the cilia in cells absence of
Gli proteins (Figure 6A-3). Overexpressing mSufu-Arl13b in Gli2/3 double
mutant cells showed strong ciliary signal suggesting localization of the fused
protein in the whole cilia (Figure 6B-2). Both mSufu-Arl13b and Arl13b-mSufu
had more than 80% cells with whole ciliary localization of the fused proteins
while cells overexpressed with mSufu did not show any ciliary localization
(Figure 6B-1).
Even though both Arl13b-mSufu and mSufu-Arl13b were localized in the
whole cilia in Gli2/3 cells, we did not detect very significant differences in ciliary
localization efficiency between them. Since Arl13b is a membrane-associated
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protein, fusing it to mSufu might affect the palmitoylation modification required
for ciliary localization due to possible conformation modification. Therefore, we
decided to use ciliary transmembrane proteins, Sstr3 and 5HT6, to see whether
we could get a higher ciliary localization of mSufu for further studies.

Figure 6: Ciliary targeting of mSufu with C-terminus fused Arl13b. (A) Schematic of ciliary
target of Arl13b-mSufu. (A-1) The plasmid structure of Arl13b fused mSufu. (A-1a)
Arl13b was on the C-terminus of GFP and N-terminus of mSufu of the fused protein.
(A-1b) Arl13b was fused on the C-terminus of mSufu of the fused protein. (A-2) mSufu
was localized in the cilia through Sufu/Gli interaction in WT cells. (A-3) mSufu-Arl13b
was expected to localize in the cilia in Gli2/3 cells. (B) Ciliary localization of mSufu ,
Arl13b-mSufu and mSufu-Arl13b in Gli2/3 cells. (B-1) The ciliary localization percentage
of mSufu (red bars), Arl13b-mSufu (blue bars) or mSufu-Arl13b (green bar) in Gli2/3
cells. (B-2) Immunocytochemistry results showing the localization of mSufu,
Arl13b-mSufu and mSufu-Arl13b (GFP signals) in the cilia (ace-tub) in Gli2/3 cells.
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Cilia transmembrane protein Sstr3 was able to target mSufu into the cilia
Somatostatin receptor 3 (Sstr3) is a member of G protein-coupled receptors
(GPCRs) that is localized to the ciliary membrane (Figure 7B-1) (Handel et al.,
1999). Sstr3 has the features shared among all GPCRs, seven transmembrane
domains with an extracellular N-terminal tail and an intracellular C-terminal tail,
three loops outside the cell and three loops inside the cell (Dong et al., 2007).
The ciliary localization of Sstr3 is shown to be dependent on its three
intracellular loops (Berbari et al., 2008).

Figure 7: Ciliary targeting of mSufu using ciliary transmembrane protein Sstr3. (A)
Schematic of ciliary target of Sstr3-mSufu. (A-1) mSufu was localized in the cilia through
Sufu/Gli interaction in WT cells. (A-2) Sstr3-mSufu was expected to localize in the cilia in
Gli2/3 cells. (A-3) The plasmid structure of Sstr3 fused mSufu. (A-3a) Sstr3 was on the
N-terminus of GFP. (A-3b) Sstr3 was fused on the N-terminus of GFP-mSufu. (B) Ciliary
localization of Sstr3 and Sstr3-mSufu in Gli2/3 cells. (B-1) Immunocytochemistry results
showing the localization of Sstr3 and Sstr3-mSufu (GFP signals) in the cilia (ace-tub) in
Gli2/3 cells. (B-2) The ciliary percentage of Sstr3 (purple bars) and Sstr3-mSufu (blue
bar) in Gli2/3 cells.
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Since the C-terminal tail of Sstr3 is inside the cell, we designed the fused
protein with Sstr3 on the N-terminus followed by GFP and mSufu (Figure 7A-3b).
Almost all cells growing cilia and expressing the fused protein showed strong
signal of whole ciliary localization of Sstr3-mSufu when overexpressed in Gli2/3
double mutant cells (Figure 7B-1 and Figure 7B-2). These results showed that
Sstr3 could efficiently target mSufu into the whole cilia as designed in absence of
Gli proteins (Figure 7A-2).
Cilia transmembrane protein 5HT6 was able to target mSufu into the cilia
The serotonin (5-hydroxytryptamine) receptor 6 (5HT6) is another ciliary
localized GPCR that shared the same seven transmembrane structures with Sstr3
and other GPCRs (Hamon et al., 1999). Similar to Sstr3, we designed the cilia
targeted mSufu with N-terminus fused 5HT6 because the C-terminal tail of 5HT6
was inside the cell with a different tag, 6xMyc, to label 5HT6 (Figure 8A-3).
Both 5HT6 and 5HT6-mSufu were shown to localize in the whole cilia when
overexpressed in Gli2/3 double mutant cells (Figure 8B-1). Among transfected
cells, about 25% cells showed ciliary localization of 5HT6 and more than 40%
cells showing ciliary localization of 5HT6-mSufu (Figure 8B-2). These results
supported our model that despite using a different tag, 5HT6 was able to target
mSufu into the cilia in Gli2/3 double mutant cells (Figure 8A-2).
In conclusion, other than the CTS from fibrocystin, all three ciliary proteins,
Arl13b, Sstr3 and 5HT6 were able to target mSufu in to the whole cilia
independent of Gli proteins. Fusing Arl13b to both N-terminus and C-terminus of
mSufu showed the ciliary target function, while for Sstr3 and 5HT6, GFP or
6xMyc and mSufu has to be on the cytoplasmic tail for the system to work.
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Figure 8: Ciliary targeting of mSufu using ciliary transmembrane protein 5HT6. (A)
Schematic of ciliary target of 5HT6-mSufu. (A-1) mSufu was localized in the cilia through
Sufu/Gli interaction in WT cells. (A-2) 5HT6-mSufu was expected to localize in the cilia in
Gli2/3 cells. (A-3) The plasmid structure of 5HT6 fused mSufu. (A-3a) 5HT6 was on the
N-terminus of 6xMyc. (A-3b) Sstr3 was fused on the N-terminus of 6xMyc-mSufu. (B)
Ciliary localization of 5HT6 and 5HT6-mSufu in Gli2/3 cells. (B-1) Immunocytochemistry
results showing the localization of 5HT6 and 5HT6-mSufu (6xMyc signals) in the cilia
(Arl13b) in Gli2/3 cells. (B-2) The ciliary percentage of 5HT6-mSufu (red bars) and 5HT6
(blue bars) in Gli2/3 cells.

2.3 Results for ciliary recruitment of Gli2∆CLR through cilia targeted mSufu
The purpose of establishing the mSufu ciliary targeting system was to
investigate on whether ciliary localization of Gli2 protein is essential for its
activation, by recruiting Gli2∆CLR back to cilia through Sufu/Gli interaction. Since
now we established cilia targeted mSufu that can localize in the cilia, the next
step was to test whether Gli2∆CLR could be recruited by interacting with these
cilia targeted mSufu (Figure 9A).
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Figure 9: Ciliary recruitment of Gli2∆CLR through cilia targeted mSufu. (A) Schematic of
ciliary recruitment of Gli2∆CLR through cilia targeted mSufu. (A-1) Gli2 proteins will be
transported within cilia in WT cells. (A-2) Gli2 ∆CLR, which lost its ciliary localization and
could not be activated in response to Hh signaling, retains its interactions and responds
to Sufu inhibition. (A-3) Gli2 ∆CLR will be recruited into the cilia through its remaining
Sufu/Gli interaction. (B) Ciliary co-localization of mSufu or cilia targeted mSufu and
Gli2∆CLR. (B-1) Immunocytochemistry results showing the co-localization of cilia targeted
mSufu (GFP) and Gli2∆CLR (Gli2 antibody). (B-1a-f) Gli2 ∆CLR were co-overexpressed with
mSufu or Arl13b-mSufu in Gli2/3 cells. (B-1a’-I’) mSufu, mSufu-Arl13b or Sstr3-mSufu
were overexpressed in Gli2∆CLR cells. (B-2) The percentage of co-localization of Gli2 ∆CLR
with mSufu or cilia targeted mSufu. (B-2a) Co-localization percentage of Gli2∆CLR with
mSufu (red bar) or Arl13b-mSufu (blue bar). (B-2b) Co-localization percentage of Gli2 ∆CLR
with mSufu (red bar) or mSufu-Arl13b (blue bar) and Sstr3-mSufu (purple bar).
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We first overexpressed Gli2∆CLR with mSufu or Arl13b-mSufu in Gli2/3 cells.
No co-localization could be detected in cells overexpressed with mSufu/Gli2∆CLR
(Figure 9B-1c), while more than 10% of the cells overexpressed with
Arl13b-mSufu/Gli2∆CLR showed co-localization signals (Figure 9B-1f, Figure
9B-2a), suggesting that Arl13b-mSufu was able to recruit Gli2∆CLR into the cilia.
Then we overexpressed mSufu, mSufu-Arl13b or Sstr3-mSufu in Gli2∆CLR cells,
where both Gli2 alleles were replaced by Gli2∆CLR alleles. No co-localization could
be detected in cells overexpressed with mSufu as expected (Figure 9B-1c’, Figure
9B-2b). About 20% of cells overexpressed with mSufu-Arl13b and more than 15%
of cells overexpressed with Sstr3-mSufu showed co-localization signals (Figure
9B-1f’, Figure 9B-1l’, Figure 9B-2b), indicating that both cilia target proteins,
Arl13b and Sstr3 could recruit Gli2∆CLR into the cilia.
In conclusion, Arl13b-mSufu, mSufu-Arl13b and Sstr3-mSufu all showed
ciliary recruitments of Gli2∆CLR. However, the co-localization percentages of all
three cilia targeted mSufu with Gli2∆CLR were lower than 20%. To increase the
percentage of cells transfected and expressed ciliary mSufu, we decided to
remove the fused protein DNA to lentivirus constructs and use target DNA
containing virus to infect the cells.

2.4 Results for cilia targeted mSufu and Gli2∆CLR recruitment through virus
infection
Among all the transfections we did for the immunocytochemistry
experiments, the percentage of transfected cells was only 10%-20% and the
ciliary ratio is lower than 90%, which resulted in lower ciliary localization
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percentage of Gli2∆CLR and will cause high background for further functional
study. To increase the recruitment of Gli2∆CLR in the cilia, we decided to establish
a few stable cell lines that can constantly express mSufu or cilia targeted mSufu
on Gli2∆CLR background.

Figure 10: Cilia targeted Arl13b-mSufu and Gli2∆CLR recruitment through lentivirus
infection. (A) Puromycin selection on Gli2∆CLR cells infected with Arl13b-mSufu viruses.
(A-1) Immunocytochemistry showing Gli2∆CLR cells infected and expressing Arl13b.
Arl13b-mSufu was tagged with GFP (Green channel), Gli2 ∆CLR was detected by Gli2
antibody, and nuclear were detected by DAPI. (A-2) Percentage of Gli2∆CLR cells infected
with Arl13b-mSufu viruses. (A-3) Puromycin killing curves for Gli2∆CLR cells. (A-4)
Glowing curves of Gli2∆CLR cells after puromycin selection. (B) Ciliary localization of
Arl13b-mSufu and Gli2 ∆CLR through virus infection. (B-1) Immunocytochemistry results
showing the localization of Arl13b-mSufu (GFP) at the tip or in the whole cilia (ace-tub
red). (B-2) Immunocytochemistry results showing no ciliary (ace-tub green) localization
of Gli2∆CLR. (B-3) The percentage of ciliary localization of Arl13b-mSufu and Gli2∆CLR after
virus infection.
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All mSufu, Arl13b-Sufu and Sstr3-mSufu DNA were inserted into separate
lentiviral vectors and produced the virus that carried the DNA in 293T cells. We
first infected Gli2∆CLR cells with Arl13b-mSufu viruses and detected the infection
efficiency immediately after. About 80% cells were infected and showed
Arl13b-mSufu expressions (Figure 10A-1, Figure 10A-2). To specifically select
the cells infected with the virus DNA, we added 2ug/mL puromycin, decided by
puromycin killing curve for Gli2∆CLR cells (Figure 10A-3), to the culture medium
and waited for 12 days for the colonies to grow back (Figure 10A-4).
Immunocytochemistry experiments were done on the pool of the surviving
colonies. More than 30% cells had Arl13b-mSufu locating at the tip of the cilia
and about 40% of the cells showed whole ciliary localization of Arl13b-mSufu
(Figure 10B-1, Figure 10B-3). However, Gli2∆CLR could not be detected anywhere
in the cilia in these infected cells (Figure 10B-2, Figure 10B-3).
Another problem we were facing was that even though the Arl13b-Sufu
expression and ciliary localization percentage is much higher after virus
transduction and puromycin selection (Figure 10A-2), we noticed a reduction in
Arl13b-Sufu ciliary signal (Figure 10B-1). The high concentration of Arl13b-Sufu
in the cytoplasm will retain Gli2∆CLR in the cytoplasm and produce high
background for future functional studies.
The pool of cells survived the puromycin selection might have different
expression levels of Arl13b-Sufu and different abilities to localize the proteins to
the cilia, which might be the cause of the problems. What we can do is to select a
single cell line that has stronger Arl13b-Sufu signal in the cilia than in the
cytoplasm, and also lower the puromycin selection power to avoid extreme
expression of Arl13b-mSufu.
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2.5 Discussion and future directions
Overall, we successfully established the cilia targeted Sufu system that was
able to recruit Gli2∆CLR into the cilia through Gli/Sufu interaction. We will
optimize the system by increasing the percentage of transgenic cells and the
ciliary localization of cilia targeted mSufu. Then we will examine whether the Hh
signaling activity will be restored both in vitro and in vivo after introducing the
ciliary localization of Gli2∆CLR.
The effects of Gli2∆CLR ciliary recruitments on Gli2∆CLR and downstream Hh
signaling pathway activation
After optimizing the system to recruit Gli2∆CLR into the cilia, the first thing to
investigate on is whether fusing Sufu with ciliary proteins will compromise its
inhibition on Gli proteins. Sufu is a negative regulator of Hh signaling pathway
and inhibits Gli2 through direct interaction (Gorojankina, 2016). Removal of Sufu
leads to Gli activation even in absence of the cilia (Humke et al., 2010). Our
previous research has shown that Gli2∆CLR could also be activated in absence of
Sufu despite losing ciliary localization (Liu et al., 2010). Since we fused mSufu
with similar sized ciliary proteins, Arl13b, Sstr3 or 5HT6, and a tag, GFP or
6xMyc, we need to rule out the possibility that they will compromise the
inhibitory ability of Sufu.
Then we will move on to test whether recruiting Gli2ΔCLR into the cilia can
restore its activation. Since Gli2 is the main transcriptional activator of the
pathway (Ye and Liu, 2011), we will detect the Hh target gene expression, Gli1
and Ptch1, levels to indirectly examine Gli2ΔCLR activation.
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The effects of Gli2∆CLR ciliary recruitments in Gli2∆CLRKI mice on Hh signaling
and neural tube patterning rescue in vivo
After previous designed experiments showing that Gli2ΔCLR can be activated
upon recruitment into the cilia in vitro, we will test whether targeting Gli2ΔCLR
into the cilia can restore Hh signaling activity and rescue neural patterning
defects in Gli2∆CLRKI mice in vivo. First, we will generate a knock-in mouse strain
(SufuciliaKI) in which Arl13b coding sequence is inserted downstream of the start
codon of mSufu gene through CRISPR/Cas9-based genome editing approach
(Figure 11B).

Figure 11. Proposed model of neural tube rescue in Gli2∆CLRKI mice by endogenous
replacement by SufuciliaKI. (A) Model of neural tube markers and neural progenitors. (B)
The experimental design for generating SufuciliaKI mutant allele in mice. A target site for
CRISPR/Cas9 is available around the start codon of Sufu. 6xMyc-Arl13b cDNA is inserted
into this location through HDR. (C) Gli2∆CLRKI/- has fewer floor plate cells, fewer V3
interneurons and ventrally expanded motor neurons. SufuciliaKI will be able to rescue the
phenotype and possibly will have enhanced level of Hh signaling.

Expression and ciliary localization of Arl13b-mSufu in SufuciliaKI mutant mice
will be first examined to make sure that inserting Arl13b into mSufu will not
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result in significant change in its expression level and mSufu is anchored into the
cilia by Arl13b. Furthermore, we will detect whether SufuciliaKI mice exhibit any
abnormal embryonic development due to ciliary anchoring of Sufu, by collecting
the E9.5 embryos and observe their brain phenotypes and DV neural tube
patterning under the microscope. Next we will test whether Gli2ΔCLR expressed in
Gli2∆CLRKI mice can be recruited and activated in the cilia after crossing with
SufuciliaKI, and whether replacing endogenous mSufu alleles with SufuciliaKI will
rescue the neural patterning defects in Gli2∆CLRKI mice.
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CHAPTER 3
SUFU DOSAGE EFFECTS ON GLI PROTEINS

3.1 General introduction
The formation of vertebrate central nervous system (CNS) starts at
gastrulation with the neural identity of dorsal ectodermal cells, and follows by
the establishment of anterior-posterior (AP) axis and dorsal-ventral (DV) axis
(Le Dréau and Martí, 2012). Specific neural subtypes are determined by unique
combinations of specific transcription factors (TFs) in neural progenitor cells
along DV axis (Ribs and Briscoe, 2009). Shh ligand produced and secreted at
notochord and later at floor plate (FP) is shown to be required for DV patterning
of mouse neural tube by regulating the expression of TFs in neural progenitor
cells (Sasai and Briscoe, 2012).
Both Shh concentration and the exposure time to Shh are important for
establishing neural progenitor domains. Chick embryo explants showed more
ventral cell types under higher Shh concentrations or exposed to Shh for longer
periods (Dessaud et al., 2007). High concentration of Shh is required for the
formation of FP and p3, while pMN, p2, p1 and p0 depend on lower
concentration of Shh (Ribs and Briscoe, 2009). Shh or Smo mutant mice embryos,
where Shh signaling was depleted, showed complete lose of ventral progenitor
domains, FP, p3, pMN and p2, and extreme expansion of the dorsal domains
(Figure 3) (Persson et al., 2002; Liu et al., 2012; Sasai and Briscoe, 2012).
Gli proteins, Gli1, Gli2 and Gli3, are the downstream transcription factors of
Shh signaling pathway. The expressions of Gli1, Gli2 and Gli3 genes start around
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E8.5 across the neural tube. Gli1 expresses at ventral ventricular zone at E9.5
when neural tube closes, and Gli2 and Gli3 express at dorsal ventricular zone at
E9.5 (Hui et al., 1994).
Gli1 is a secondary transcription activator in Shh signaling pathway. Gli1
mutant mouse embryos showed normal neural tube patterning (Bai et al., 2002).
The neural tube defect in Gli2 embryos could be rescued by overexpressing Gli1
(Bai and Joyner, 2001). Gli2 is the primary Shh signaling activator. Loss of Gli2 in
Gli2 mutant embryos showed depletion of FP and reduction of V3 interneurons
(Ding et al., 1998). Gli3 is mostly phosphorylated and processed into repressors.
Gli3 mutant embryos showed slight dorsal expansion of V0, V1 and V2
interneurons (Person et al., 2002).
Sufu is a main negative regulator in Shh signaling pathway, through physical
interactions with Gli proteins. Sufu mutants showed extreme expansion of FP
and p3 progenitor domain towards the dorsal end and loss of dorsal progenitor
domains, indicating high activation of Shh signaling along the DV axis in the
neural tube (Figure 3) (Cooper et al., 2005). Removal of Gli2 in Sufu mutant was
not able to rescue the extreme Shh activation in the neural tube, while Gli2; Gli3;
Sufu triple mutant showed rescue of the dorsal expansion of the ventral
progenitor domains (Liu et al., 2012).
Even though the general roles of Sufu and Gli proteins on neural tube
patterning have been revealed, questions about the amount of Sufu or Gli
proteins required for the proper and accurate regulation remain unclear. To
further understand the quantitative relationship of Sufu and Gli proteins on DV
patterning of the neural tubes, we generated a few more mutant mouse lines to
investigate on their neural defects.
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3.2 Preliminary work
To quantify the effect of Sufu and Gli proteins on neural tube patterning, we

Figure 12. Summary of mouse embryos collected for investigating mSufu dosage effects.
Gli2; Gli2dcld; Sufu embryos were collected at E9.5 and preserved for whole mount in-situ.
Gli2dcld; ift88 embryos were collected at E9.5 and prepared as frozen blocks and cut for
sections. Gli21kie; Sufu embryos were collected at E9.5 and prepared as frozen blocks and
cut for sections. Gli2; Gli2dcld; Gli3 embryos were collected at E9.5 and preserved for whole
mount in-situ. Gli2dcld; Sufu; PtchD embryos and Gli2dcld; Sufu; Gli1 embryos were collected
at E10.5, prepared as frozen blocks after X-gal staining.
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crossed a few mouse lines (Figure 12). To investigate on the dosage effect of Sufu
and Gli1 proteins, we collected all the single and double, heterozygous and
homozygous Gli21ki; Sufu mutant embryos at E9.5 state. To investigate on the
dosage effect of Sufu and Gli2, Gli3, we collected some of the single and double,
heterozygous and homozygous Gli2dcld; Sufu mutant embryos and Gli2; Gli2dcld;
Sufu mutant embryos, and all single and double, heterozygous and homozygous
Gli2; Gli21ki; Gli3 mutant embryos at E9.5 state. We also crossed Gli2dcld; Sufu
mutant mice with LacZ tagged PtchD or Gli1 mutant mice to visualize Shh
signaling pathway activation in the embryos (Figure 3).

3.3 Discussion and future directions
We hypothesize that Shh signaling pathway is quantitatively regulated
during neural tube patterning. The amount of Sufu over Gli protein is strictly
regulated and any perturbation will result in different levels of neural tube
defects. Therefore, we are going to examine the progenitor domains in these
mutant neural tubes marked by unique TFs.
We will also look into the roles of primary cilia in Gli1 activation in the
mouse embryos. Since Gli1 expression is Hh signaling dependent and Hh
activation requires functional primary cilia, we will use Gli21ki allele, where Gli1
was inserted into the Gli2 so that its expression is cilia dependent (Park et al.,
2000; Bai and Joyner, 2001). We will then examine the neural progenitor
domains in Gli21ki;Ift88 double mutant embryos where cilia are absence.
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CHAPTER 5
Methods and Materials
Tissue culture
Mouse embryonic fibroblasts were prepared by previous lab members from
E11.5 embryos. Cells were cultured in DMEM medium with 15% fetal bovine
serum (FBS), 0.1% sodium pyruvate and 0.1% Glutamax at 37℃ with 5% CO2.
Cells were passed every other day when reaching 100% confluence.
DNA transfection using jetPRIME
Cells were passed 24 hours before the transfection onto 24-well plates to
reach 60-80% confluence at the time of transfection. 0.5ug DNA was diluted into
50uL jetPRIME buffer before adding 1uL of reagent. After incubating in room
temperature (RT) for 10 minutes, the transfection mix was added to the cells.
Immunocytochemistry
Cells were plated on the glass coverslips coated at least 1 hour with 0.1%
gelatin. Cells were transfected the next day using jetPRIME. Next day, cells were
washed twice with DMEM before changing to 0.5% FBS containing medium for
starvation in order for cilia to grow. Cells were rinsed once with 1mL warm PBS
the day after. Coverslips with cells were transferred to 12-well plate for fixation
in 1mL fresh 4% PFA in PBS at RT for 10 minutes. Then coverslips were rinsed
twice with 1mL PBS plus 0.1% Triton (PBST). Each coverslip was blocked and
permeabilized by 30uL PBST with 10% normal goat serum (NGS) or chicken
serum under RT for 10 minutes. 30uL of primary antibody diluted in the blocking
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solution was added to the cells and incubated for 1 hour under RT. Afterwards
cells were rinsed three times with PBST before incubated with 30uL secondary
antibody diluted in the blocking solution for 1-2 hours at RT. After the incubation,
cells were rinsed three times with PBST followed by twice with water. Coverslips
were then mounted to a slide by 2uL Vectorshield with DAPI and kept at 4℃.

Lentivirus production
HEK 293T cells were seeded at 80% confluence on 10cm dishes with 5mL
complete medium the day before transfection. For each 10cm dishes, 20ug DNA
(transfer vector DNA: Pax2: VSVG=2:1:1) were mixed in 1mL Opti-MEM. Add
80ul PEI per 10cm dish before incubating at RT for 15 minutes and adding to the
cells. Change medium the next day with 5mL fresh medium per 10cm dish.
Collect the 5mL medium into a 50mL Falcon tube the next day and add 5mL fresh
medium on the dishes, which will be collected and mix with the previous
collection in the Flacon tube. Store the medium at 4℃.

Lentivirus purification
The 50mL virus-containing medium was centrifuged at 2000rpm to remove
the dead cells and debris. Then the clarified supernatant was filtered by 0.45um
syringe filters with 30cc syringes. The filtered supernatant was spun in the
untracentrifuge at 25,000rm at 4℃ for 2 hours. The translucent pellet was then
re-suspended in 100uL PBS, and was aliquot to 10uL and stored at -80℃.

Lentiviral infection
The Gli2∆CLR cells were seeded at density about 75% confluence. The next
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day, lentivirus was mixed with 500uL DMEM culture medium and 0.5uL
polybrene, and added to the cells. Medium with the lentivirus was removed on
the next day and replaced with fresh DMEM culture medium. Medium containing
2-10ug/mL puromycin was used the day after to start the puromycin selection.
Tissue preparation for immunochemistry
Embryos were collected into cold PBS and fixed in 4% PFA on ice for 1-2
hours. Then embryos were washed three times in cold PBS for 15 minutes before
sinking them in 30% sucrose in PBS at 4℃ overnight. Embryos were left in
Tissue Tek for 1 hour and then froze in Tissue Tek at -80℃.

Tissue preparation for whole mount in-situ
Embryos were collected into cold PBS and fixed in 4% PFA on ice for 1-2
hours. Then embryos were washed twice in DEPC-PBT (PBS with 0.1% Tween 20)
on a rotator at room temperature for 5 minutes. Embryos were then dehydrated
by 25%, 50%, 75% and 100% methanol in DEPC-PBT for 5 minutes each. 100%
methanol were used for the final wash for 5 minutes and storage at -20℃.

X-gal staining
Embryos were collected into cold PBS and fixed in 4% PFA on ice for 30
minutes. Embryos were rinsed in the wash buffer (2mM MgCl2, 0.01% sodium
deoxycholate and 0.02% NP-40 in PBS) and washed three times at room
temperature for 15 minutes. Embryos were then left in the X-gal overnight at
37℃.
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