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Summary

GLI-similar (Glis)1-3 proteins constitute a subfamily of the Kriippel-like zinc finger transcription
factors that are closely related to the Gli family. Glis1-3 play critical roles in the regulation of a
number of physiological processes and have been implicated in several pathologies. Mutations in
GLIS2 have been linked to nephronophthisis, an autosomal recessive cystic kidney disease. Loss
of Glis2 function leads to renal atrophy and fibrosis that involves epithelial-mesenchymal
transition (EMT) of renal tubule epithelial cells. Mutations in human GLIS3 have been implicated
in a syndrome characterized by neonatal diabetes and congenital hypothyroidism (NDH) and in
some patients accompanied by polycystic kidney disease, glaucoma, and liver fibrosis. In addition,
the GLIS3 gene has been identified as a susceptibility locus for the risk of type 1 and 2 diabetes.
Glis3 plays a key role in pancreatic development, particularly in the generation of B-cells and in
the regulation of insulin gene expression. Glis2 and Glis3 proteins have been demonstrated to
localize to the primary cilium, a signaling organelle that has been implicated in several
pathologies, including cystic renal diseases. This association suggests that Glis2/3 are part of
primary cilium-associated signaling pathways that control the activity of Glis proteins. Upon
activation in the primary cilium, Glis proteins may translocate to the nucleus where they
subsequently regulate gene transcription by interacting with Glis-binding sites in the promoter
regulatory region of target genes. In this review, we discuss the current knowledge of the Glis
signaling pathways, their physiological functions, and their involvement in several human
pathologies.
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Introduction

Krippel-like zinc finger proteins constitute one of the largest families of transcription
factors. Typically, these proteins contain two or more Cys,-His,-type zinc fingers that are
separated by the conserved consensus sequence, T/SGEKPY/F. Krippel-like zinc finger
proteins are divided into several subfamilies based on the number of zinc finger motifs,
sequence homology between the zinc-finger domains, and the presence of specific repressor
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and activation domains (Williams et al., 1995; Poncelet et al., 1998; Agata et al., 1999; Dang
et al., 2000; Peng et al., 2000).

Gli-similar 1-3 (HUGO nomenclature Glis1-3) form a subfamily of Kriippel-like zinc finger
proteins that are most closely related to members of the Gli and Zic subfamilies (Kinzler et
al., 1988; Ruppert et al., 1988; Aruga et al., 1994; Lamar et al., 2001; Zhang and Jetten,
2001; Kim et al., 2002; Nakashima et al., 2002; Zhang et al., 2002; Kim et al., 2003; Aruga,
2004; Kim et al., 2005; Kasper et al., 2006; Merzdorf, 2007; Riobo and Manning, 2007).
While the Gli signaling pathways have been well studied (Matise and Joyner, 1999; Ruiz i
Altaba et al., 2002; Gill and Rosenblum, 2006; Kasper et al., 2006; Rubin et al., 2006; Oro
et al., 2007; Riobo et al., 2007; Rohatgi et al., 2007; Ruiz i Altaba et al., 2007), the
physiological functions of Glis proteins are only beginning to emerge. Human genome
linkage studies and analyses of Glis-null mice have implicated Glis2 and Glis3 in several
diseases, including cystic kidney disease, fibrosis, diabetes, and hypothyroidism, and have
revealed key roles for Glis proteins in several biological processes, including pancreatic
development and the maintenance of normal renal functions (Senee et al., 2006; Attanasio et
al., 2007; Kim et al., 2008; Kang et al., 2009a; Kang et al., 2009b; Watanabe et al., 2009).
This review provides a summary of our current knowledge of the mechanism of action and
biological functions of this protein subfamily and their roles in disease.

relationship between Gli, Zic, and Glis family members

Glisl was identified in a yeast two-hybrid screen using the ligand-binding domain of the
retinoid-related orphan receptor RORy, a member of the nuclear receptor superfamily, as
bait (Kim et al., 2002; Jetten, 2009). Subsequently, two additional proteins, closely related to
Glis1, were identified and referred to as Glis2 and Glis3 (Zhang and Jetten, 2001; Zhang et
al., 2002; Kim et al., 2003; Kim et al., 2005). Glis1 and Glis2 were independently identified
by two other laboratories and referred to as Gli homolog 1 (GliH1) and neuronal Kriippel-
like (NKL), respectively (Lamar et al., 2001, Nakashima et al., 2002). The human GLI1S1-3
genes map to chromosome 1p32.3, 16p13.3 and 9p24.2, span about 248, 44.8, and 495 kb,
and encode for proteins 65.9, 55.7, and 90 kD in size, respectively. The GLIS3 gene has
been reported to generate several alternative transcripts (Senee et al., 2006), but it has yet to
be established whether the proteins generated by these transcripts are associated with any
distinct physiological function.

Glis1-3 exhibit a high degree of homology across species (e.g., about 99% between human
and mouse) and share a highly homologous zinc finger domain (ZFD) containing a tandem
repeat of five Cysy-His,-type zinc finger (ZF) motifs with members of the Gli and Zic
family (Kinzler et al., 1988; Ruppert et al., 1988; Zhang and Jetten, 2001; Kim et al., 2002;
Zhang et al., 2002; Kim et al., 2003; Aruga, 2004, Kasper et al., 2006, Merzdorf, 2007).
Cubitus interruptus (Ci), odd-paired (opa), and lame duck (Imd), also named gleeful (gfl),
are the Drosophila homologues of Gli, Zic, and Glis, respectively (Benedyk et al., 1994;
Aruga et al., 1996; Kuo et al., 1998; Lessing and Nusse, 1998; Aza-Blanc and Kornberg,
1999; Duan et al., 2001, Furlong et al., 2001). A Glis3 homolog was recently identified in
Oryzias latipes (Japanese ricefish or medaka) (Hashimoto et al., 2009). Fig. 1 shows the
phylogenic relationship between the Glis, Gli, and Zic family members. Glis and Gli family
members show little sequence homology outside their ZFD, while Zic1-5 proteins exhibit a
moderate degree of conservation outside their ZFD. The ZFDs of Glis1 and Glis3 are 93%
identical and exhibit a 68—-71%, 59%, and 52% identity with ZFDs of Gli, Glis2, and Zic
proteins, respectively (Kim et al., 2002, Kim et al., 2003). The locations of the exon-intron
junctions in the region encoding the zinc finger motifs are conserved between Glis1 and
Glis3, but are different from those in Glis2 suggesting that Glis1 and Glis3 are
evolutionarily derived from the same parental gene, while Glis2 is more distantly related.
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Transcriptional regulation

Although the mechanisms by which Glis proteins regulate gene transcription are not fully
understood, recent studies have provided considerable insights into several critical elements
of Glis-mediated transcriptional regulation. These include identification and characterization
of specific domains required for their nuclear translocation and transcriptional activity, the
recognition of specific Glis-binding sites (Glis-BS), the interaction with co-activators and
co-repressors, and the discovery of several putative target genes.

Subcellular localization

Confocal microscopy utilizing EGFP-tagged Glis proteins revealed that the proteins were
predominantly localized to the nucleus of exponentially growing cells. Although Glis
proteins contain putative nuclear localization signals (NLS), deletion and mutation analysis
showed that nuclear localization did not require these motifs, but instead depended on the
zinc finger domain (Kim et al., 2002; Zhang et al., 2002; Kim et al., 2003; Beak et al.,
2008). Detailed study of Glis3 demonstrated that a putative bipartite NLS overlapping with
ZF5 was not required for its nuclear localization. When the tetrahedral configuration of each
of the Glis3 zinc fingers was disrupted, only loss of the tetrahedral configuration of ZF4 or
deletion of ZF4 was found to profoundly affect the accumulation of Glis3 in the nucleus
(Beak et al., 2008). These data suggest that ZF4 is critical for the nuclear localization of
Glis3. Further studies are required to determine the mechanism by which this region directs
the protein to the nucleus.

Recent studies have provided evidence showing that both Glis2 and Glis3 localize to the
primary cilium suggesting that they are part of a primary cilium-associated signaling
pathway (Attanasio et al., 2007; Hashimoto et al., 2009; Kang et al., 2009a; Kang et al.,
2009b). This will be discussed below in more detail.

Interaction with Glis binding sites

The ZFD, the most distinct domain within Glis proteins, plays a role in DNA sequence
recognition, protein-protein interaction, and nuclear localization. Crystal structure analysis
of the Gli ZFD has indicated that ZF2 through ZF5 bind in the major groove and wrap
around the DNA (Pavletich and Pabo, 1993; Klug and Schwabe, 1995). While ZF1 does not
appear to contact the DNA, ZF4 and ZF5 were shown to make extensive base contacts
within the conserved nine base-pair Gli binding site (GBS). Circular dichroism (CD)
spectroscopy has indicated that the ZFDs of Glis, Zic, and Gli proteins form an a-helical
conformation in solution and that binding to the GBS increases the a-helix content and
stabilizes the ZFD (Sakai-Kato et al., 2009). Due to the high homology between the ZFDs of
Glis and Gli proteins, it is not surprising that Glis proteins also recognize the consensus
GBS, 5-TGGGTGGTC (Ruppert et al., 1988; Lamar et al., 2001; Kim et al., 2002;
Nakashima et al., 2002; Zhang et al., 2002; Kim et al., 2003). An in vitro approach was
utilized to determine the optimal Glis-BS and (G/C)TGGGGGG(A/C) was identified as the
consensus binding sequence for Glis3 (Beak et al., 2008). The tetrahedral configuration in
each of the zinc finger motifs was required for optimal binding of Glis3 to the Glis-BS.

Glis3 binds the consensus Glis-BS with a higher affinity than the consensus GBS (Beak et
al., 2008). Although Glis, Gli and Zic proteins bind similar DNA response elements, they
exhibit different affinities for distinct sequences (Kinzler and VVogelstein, 1990; Vortkamp et
al., 1995; Mizugishi et al., 2001; Beak et al., 2008). These different affinities are likely due,
in part, to differences in the amino acid sequences within their ZFDs. Moreover, in vivo, the
promoter context of the Glis-BS and the recruitment of different cofactors by Glis likely
play a critical role in determining the binding affinity of Glis proteins to Glis-BS sequences
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in target genes. The overlap in binding specificity between Glis, Gli, and Zic proteins
suggests that these proteins might compete for the same DNA binding sites in cells in which
they are co-expressed and thus provide a mechanism for crosstalk between Glis, Gli, and
possibly Zic, signaling pathways. This hypothesis is supported by data showing that Glis1
and Glis2 can indeed inhibit GBS-dependent transcriptional activation of a reporter by Glil
(Kim et al., 2002; Nakashima et al., 2002; Kim et al., 2003). Future identification and
characterization of Glis target genes and functions will be required to determine whether
such cross-talk between Glis and Gli proteins has any physiological significance.

Glis proteins as transcriptional activators and repressors

Analysis of the transcriptional activity of Glis proteins in several cell lines showed that, in
contrast to full-length Glis3, full-length Glis1 and Glis2 did not enhance (GBS)- or (Glis-
BS)-dependent transcriptional activation of a reporter gene (Kim et al., 2002; Nakashima et
al., 2002; Zhang et al., 2002; Kim et al., 2003; Beak et al., 2007; Kim et al., 2007; Beak et
al., 2008; Kang et al., 2009a). Regulation of gene expression by Glis1-3 likely involves the
recruitment of transcriptional mediators that interact with specific repressor and/or
activation domains within the respective Glis proteins. Sequence analysis of Glis proteins,
however, did not identify any known evolutionary-conserved activation or repressor
domains present in many other Kriippel-like zinc finger proteins, such as the SCAN box or
Kruppel-associated box (KRAB) (Williams et al., 1995; Peng et al., 2000).

Although full-length Glis1 exhibits little transcriptional activity, study of several Glis1
deletion mutants identified a strong activation domain at its C-terminus (Kim et al., 2002;
Nakashima et al., 2002). The lack of transcriptional activity by full-length Glis1 indicates
the presence of a repressor domain in its N-terminus and suggests that Glis1 might function
as a repressor as well as an activator of transcription. It was further shown that Ca2*-
dependent calmodulin kinase IV was able to enhance the transcriptional activity of an N-
terminal truncated Glis1 (Kim et al., 2002). Although potential repressor and activation
domains have been identified in the N-terminal half of Glis2, exogenous expression of full-
length Glis2 in several cell lines did not result in increased transcriptional activation of a
reporter gene (Zhang et al., 2002; Kim et al., 2005; Kim et al., 2007). Analysis of various
Glis3 deletion mutants identified a strong transactivation domain at its C-terminus (Kim et
al., 2003; Beak et al., 2008; Kang et al., 2009a). Although full-length Glis3 is able to induce
transcriptional activation, deletion of a 300 amino acid N-terminal region greatly increased
its transcriptional activity suggesting the presence of a N-terminal repressor domain (Kim et
al., 2003; Kang et al., 2009b).

Protein-protein interactions, post-translational modifications, and proteolytic processing play
a critical role in regulating the activity of many transcription factors and, as has been
demonstrated for Gli proteins (Kasper et al., 2006, Rubin and de Sauvage, 2006), may also
be critical in modulating the transcriptional activity of Glis1-3. Future studies are required
to identify the signaling pathways that control the transcriptional activity of Glis proteins.

Interaction with transcriptional mediators

Interactions with other proteins are not only important in regulating the subcellular
localization and activation of Glis proteins, but also in mediating Glis-dependent
transcriptional activation. The latter involves recruitment of co-activator complexes that
through their histone acetylase activity induce relaxation of chromatin and increased
transcription of target genes (Glass and Rosenfeld, 2000; Hager et al., 2009). Conversely,
transcriptional repression involves interaction with co-repressor complexes containing
histone deacetylase activity that promotes the compaction of chromatin. Although little is
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known about the transcriptional modulators involved in Glis-mediated regulation of target
genes, several Glis-interacting proteins have been identified that modulate Glis activity.

Yeast two-hybrid analysis using Glis2 as bait identified several putative Glis2 interacting
proteins, including C-terminal binding protein 1 (CtBP1), B-catenin, G-protein modulator 2
(GPSM2), and WNK lysine deficient protein kinase 1 (WNK1) (Kim et al., 2005; Kim et al.,
2007). CtBP1 predominantly functions as a co-repressor by interacting with a large number
of transcriptional repressors through PXDLS-like motifs (Chinnadurai, 2003). CtBP1 does
not bind Glis1 or Glis3, but is able to interact with Glis2 by binding several PXDLS-like
motifs (Kim et al., 2005). In addition to CtBP1, Glis2 can recruit histone deacetylase 3
(HDACS3). It has been suggested that both CtBP1 and HDACS3 are part of a Glis2 silencing
complex that mediates transcriptional repression by Glis2 (Kim et al., 2005).

Interaction of Glis2 with B-catenin has been shown to involve ZF1 of Glis2 and the
armadillo repeats of B-catenin (Kim et al., 2007). The 12 armadillo repeats, each of which
consists of three a-helices, form a superhelical structure with a long positively charged
groove (Huber et al., 1997). Interestingly, the second loop in ZF1 of Glis2 consists of a
negatively charged a-helix containing 3 Glu/Asp residues that could facilitate the interaction
of Glis2 with the armadillo repeats. p-catenin is a multifunctional protein that, when bound
to cadherin, regulates cell adhesion and migration (Perez-Moreno and Fuchs, 2006).
Cytoplasmic B-catenin functions as a transducer in the Wnt signaling pathway where it
interacts with and regulates the transcriptional activity of Tcf/Lef (Akiyama, 2000). Glis2
was shown to inhibit B-catenin-Tcf/Lef mediated transcriptional activation as well as the
induction of the B-catenin-Tcf target gene, cyclin D1. These observations suggest crosstalk
between the Glis2 and Wnt/B-catenin/TCF signaling pathways and indicate that Glis2 might
function as a repressor of Wnt/B-catenin/TCF induced gene expression. Given the important
role of B-catenin in cancer (Gavert et al., 2007), reduced Glis2 expression might enhance -
catenin-dependent transcription and promote tumorigenesis. Future studies will determine
whether Glis2 has any role in tumor development.

Another study provided evidence for an interaction between Glis2 and p120 catenin
(p120ctn), which functions as a substrate for Src kinase and has been shown to regulate
RhoGTPase activity (Hosking et al., 2007). p120ctn is associated with cadherins and
microtubules and plays an important role in regulating cell adhesion, motility, morphology,
and proliferation (Perez-Moreno et al., 2006). Complete loss, down-regulation or
mislocalization of p120ctn correlates with tumor progression in several human cancers (van
Hengel and van Roy, 2007). The region of Glis2 between amino acids 35-174 and the C-
terminus of p120ctn, including the armadillo repeats 6-10, were required for this interaction.
Glis2 was found to promote the nuclear translocation of p120ctn, while p120ctn induced
cleavage of Glis2 by a Src kinase-dependent mechanism. The dissociation of p120ctn from
the E-cadherin complex or from microtubules is required for the cleavage of Glis2 as
indicated by data showing that increased expression of E-cadherin reduced cleavage,
whereas nocodazole treatment, which depolymerizes microtubules, promoted cleavage
(Hosking et al., 2007). The physiological significance of the Glis2-p120ctn interaction has
yet to be determined.

A recent study showed that Glis3, but not Glis1 or Glis2, is able to interact with the
transcriptional mediator, WW domain-containing protein Wwtrl, also referred to as TAZ
(Kang et al., 2009a). Wwitrl interacts with proteins through its WW domain that recognizes
P/LPXY motifs (Hong et al., 2005; Hong and Yaffe, 2006). Wwtrl has been reported to
interact with several transcription factors and to function either as a co-activator or co-
repressor. Although Glis3 contains 4 P/LPXY motifs, only the most C-terminal motif is
required for its interaction with Wwtrl. Wwtrl was able to significantly increase the
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transcriptional activity of Glis3 in reporter gene assays suggesting that it can function as a
co-activator of Glis3-mediated transcription. Mutation within the C-terminal Glis3 P/LPXY
motif greatly inhibited Glis3 transcriptional activity supporting the importance of this site in
the transactivation function of Glis3. Interestingly, loss in either Glis3 or Wwtr1 function
has been reported to lead to the development of renal cysts (Hossain et al., 2007; Makita et
al., 2008; Kang et al., 2009a). Thus, one could speculate that the development of polycystic
kidney disease in Glis3 or Wwtrl null mice might be due, in part, to the disruption of Glis3-
Wwitrl interactions.

Patterns of Glis expression

Glis1-3 are expressed in a tissue- and cell type-specific manner and in a variety of
mammalian cell lines. In adult mice, all three Glis family members are most abundantly
expressed in the kidney. Glis1 is further expressed at low levels in testis, thymus, colon,
brain, and adipose tissue, and at high levels in the placenta (Kim et al., 2002). Glis2 mRNA
was present at low levels in a number of tissues, including heart, brain, lung, intestine, and
prostate (Zhang and Jetten, 2001; Zhang et al., 2002). Glis3 mRNA is widely expressed,
abundantly in pancreas, thyroid gland, thymus, and uterus and at low levels in ovary, brain,
lung, and liver (Kim et al., 2003; Senee et al., 2006).

GLIS3 has been reported to be highly expressed in a number of different cancer cell types.
Overexpression of GLIS3 in human ependymomas was found to correlate with a poor
survival (Lukashova-v Zangen et al., 2007). High levels of GLIS3 expression have also been
observed in human chromophobe renal carcinoma (Yusenko and Kovacs, 2009). These
observations suggest a link between elevated GLIS3 expression and cancer progression.

Expression of Glis1-3 during development

During mouse embryonic development, Glis1-3 are expressed in a temporal and spatial
pattern. Glis1 mRNA expression was first detected in extra-embryonic tissues and lateral
mesoderm in E8 embryos (Kim et al., 2002, Nakashima et al., 2002). At E10, Glis1 is
primarily expressed in the ventral regions of the mesenchyme of the limb buds and tail.
Additional expression was observed at E10.5 in the developing maxillary process,
mandibular and hyoid arches. Glis1 was detected during limb development as early as E9.5
in the anterior-proximal mesenchyme. At E14.5, Glis1 expression is restricted to ventral
limb surface and the joint interzone of the digits (Kim et al., 2002). At E15.5 of eye
development, Glis1 was expressed throughout the basal layer of the anterior lens epithelium
and strongly expressed in the presumptive iris and ciliary body (Nakashima et al., 2002). In
skin, Glis1 was highly expressed in the dermal cells surrounding the vibrissae. At 16.5,
Glis1 mRNA was most abundantly expressed in the kidney. During tooth development,
Glis1 was highly expressed in a region of the dental papilla. Further studies are needed to
understand the function of Glis1 in these tissues.

At E9.5 of mouse neural development, Glis2 (NKL) is expressed in the cranial and dorsal
root ganglia and neural tube (Lamar et al., 2001) and at E10.5 is broadly expressed in the
intermediate zone of the hindbrain and spinal cord. At the neural plate stage in Xenopus
development, Glis2 expression corresponds to two midline regions that correspond to
precursors of primary sensory and motoneurons. These patterns of expression are similar to
that of NeuroD, but temporally later than that of neurogenin 1 (Xngnl). Furthermore,
exogenous expression of Xngnl in two-cell Xenopus embryos induced Glis2 expression
suggesting that it may act downstream of Xngnl. These patterns of expression suggest that
Glis2 might play a role in neurogenesis. This is supported by observations that exogenous
expression of Glis2 in chick neuronal precursors induced cell cycle arrest and expression of
neuronal differentiation markers (Lamar et al., 2001).
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Analysis of embryos from stage E6.5-E14.5 revealed that Glis3 mRNA is expressed in
specific regions of the developing kidney, testes, and lung, and in a highly dynamic pattern
during neurulation and eye development (Kim et al., 2003). Glis3 transcripts were first
detected at E8.0 in the node which gives rise to the embryonic notochord. During limb
development, Glis3 expression was restricted to specific mesenchymal regions. At E11.5—
12.5, Glis3 is expressed in the inter-digital regions that are fated to undergo apoptosis.
Analysis of Glis3 mRNA expression during mouse pancreas development showed low levels
of Glis3 at E11.5 followed by a significant increase at E12.5-13.5 (Kang et al., 2009b). By
E16.5-E18.5 and in the postnatal pancreas, Glis3 expression is mostly restricted to the
ductal epithelial cells and islets where its expression is largely confined to B-cells (Senee et
al., 2006; Kang et al., 2009b). During early branching (E11.5-13.5), Sox9*HNF1B™* cells of
the trunk compartment are precursors of exocrine, endocrine, and ductal lineages, while
between E13.5-E16.5 the Sox9"HNF1p* precursors generate both endocrine and ductal
lineages, but not acinar cells (Solar et al., 2009). Taken together with observations showing
that Glis3 is present in both ductal and B-cells and is increased at E12.5, this suggests that
Glis3 is not expressed in early multipotent pancreatic progenitors, but in the Sox9*"HNF1p*
precursors that have a more limited differentiation potential (Ackermann and Gannon, 2007;
Jorgensen et al., 2007; Murtaugh, 2007; Zhou et al., 2007; Solar et al., 2009)(Fig. 2). Further
studies on the precise timing of Glis3 induction are required to corroborate this hypothesis.

Expression of Glis1-3 in kidney

Although Glis1-3 genes are most highly expressed in the kidney, similarities and differences
in their pattern of expression have been observed during renal development (Kim et al.,
2002; Nakashima et al., 2002; Zhang et al., 2002; Kim et al., 2003). During kidney
development, the ureteric bud emerges from the Wolffian duct and invades into the
metanephric mesenchyme (Perantoni, 2003; Yu et al., 2004). The ureteric bud undergoes a
stereotypical pattern of branching morphogenesis and subsequently gives rise to the
collecting ducts. The branching is controlled by a complex series of cell-cell interactions
involving metanephric mesenchymal, ureteric bud epithelial, and stromal or interstitial
mesenchymal cells. Signals from the ureteric bud promote the aggregation of metanephric
mesenchymal cells around the ureteric bud tips. These aggregates become polarized through
a process referred to as mesenchymal-epithelial transition (MET) thereby giving rise to
tubular structures, called comma- and S-shaped bodies, and subsequently the epithelia that
form the nephron (Davies, 1996; Perantoni, 2003; Yu et al., 2004).

In the mouse kidney, Glis1 expression is first observed at E13.5 in the mesenchymal
condensations and comma-shaped nodes, but is absent from the ureteric bud epithelium
(Nakashima et al., 2002). At E14 and E15.5, Glisl is present in the S-shaped bodies and at
postnatal day (PND) 15 continues to be expressed in renal tubules, but not in glomeruli and
collecting ducts (Nakashima et al., 2002). In contrast to Glis1, Glis2 is highly expressed in
the ureteric bud at E16 of murine metanephric development, whereas mesenchymal tissue,
comma- and S-shaped bodies were devoid or expressed low levels of Glis2 (Zhang et al.,
2002; Attanasio et al., 2007). In adult kidneys Glis2 was detected in epithelial cells of all
segments of the renal tubule and in epithelial cells of Bowman’s capsule, but not in
glomeruli, endothelial, or mesenchymal cells (Attanasio et al., 2007). This pattern of
expression suggests that Glis2 is induced during epithelialization of the metanephric
mesenchyme and continues to be expressed in epithelial cells of the adult kidney. Like
Glis2, Glis3 is highly expressed in the branches of the ureteric bud of E14.5 metanephros
(Kim et al., 2003). In the adult mouse kidney and in medaka, Glis3 mRNA is expressed in
the epithelia of the collecting ducts, renal tubules, and Bowman’s capsule (Hashimoto et al.,
2009; Kang et al., 2009a). Because Glis1-3 have overlapping patterns of expression in the
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kidney and bind similar DNA sequences, it is quite possible that they share some regulatory
functions.

Physiological functions of Glis proteins and their roles in disease

Glisl

Recent studies have linked the loss of GLIS2 and GLIS3 function in humans to several
pathologies (Senee et al., 2006; Attanasio et al., 2007). Furthermore, the study of Glis2- and
Glis3-null mice has revealed important clues about the biological and physiological
functions of these proteins (Attanasio et al., 2007; Kim et al., 2008; Kang et al., 2009a;
Kang et al., 2009b; Watanabe et al., 2009). In contrast, analysis of Glis1-null mice has thus
far not revealed any particular phenotype nor have mutations in GLIS1 been linked to a
specific disease (Nakashima et al., 2002). However, expression of GLIS1 was found to be
elevated in psoriatic epidermis suggesting a possible role for GLIS1 in this pathology
(Nakanishi et al., 2006). Table 1 shows a summary of the physiological functions of Glis
proteins and their roles in disease.

Potential role of Glis1 in skin disease

Glis2

In E15.5 mouse skin, Glis1 mRNA was expressed at high levels in the dermal cells
surrounding the vibrissae and the first wave of pelage hairs (Kim et al., 2002; Nakashima et
al., 2002). At PND1, Glis1 was weakly expressed in the ectodermal cells at the base of the
hair follicle and in the dermal papillae. Although GLIS1 is not expressed in normal human
adult interfollicular epidermis, its expression is significantly induced in psoriatic epidermis
and in mouse skin upon treatment with the tumor promoter phorbol-12-myristate-13-acetate
(PMA) (Nakanishi et al., 2006). The expression of GLIS1 mRNA is restricted to the
differentiated, suprabasal layers of psoriatic skin (Nakanishi et al., 2006). Similarly, GLIS1
expression is induced in cultured normal human epidermal keratinocytes (NHEK) upon
PMA- or interferon y-induced differentiation, but not in squamous carcinoma cells that are
unable to undergo differentiation. Overexpression of GLIS1 in NHEK cells enhanced the
expression of several markers of epidermal differentiation, including S100A9, KLK7, small
proline-rich protein (SPRR or cornifin), involucrin, and transglutaminase 1, many of which
have been reported to be increased in psoriatic skin (lizuka et al., 2004). These observations
suggest that increased expression of GLIS1 promotes certain aspects of epidermal
differentiation and may have a role in psoriasis.

Glis2 is critical in maintaining normal renal functions

Nephronophthisis (NPHP), an autosomal recessive disease, is the most common genetic
cause of end-stage renal disease (ESRD) in the first 30 years of life (Attanasio et al., 2007,
Hildebrandt et al., 2009). The disorder is relatively rare with about 1 patient per million
affected in the USA. NPHP is characterized by tubular atrophy, fibrosis, and in some
instances renal cyst formation (Fig. 3). Mutations in the GLIS2 gene have been recently
linked to NPHP (Attanasio et al., 2007). In three affected individuals examined, a
homozygous transversion within the GLIS2 gene was identified leading to the loss of the 5'-
splice donor site of exon 5 and as a result the synthesis of a nonfunctional protein. To date,
mutations in nine different genes (NPHP1-9) have been implicated in NPHP accounting for
about 35% of the NPHP cases (Hildebrandt et al., 2009). In this context, GLIS2 has also
been referred to as NPHP?7.

Glis2-null mice have a normal appearance and exhibit normal behavior and motor
coordination (Attanasio et al., 2007; Kim et al., 2008). However, Glis2-null mice
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progressively developed severe renal atrophy characterized by tubulo-interstitial fibrosis and
reduced kidney size, the hallmarks of NPHP (Fig. 3). Moreover, kidneys of Glis2-null mice
showed increased apoptosis of tubular epithelial cells and infiltration of inflammatory cells
(Attanasio et al., 2007; Kim et al., 2008). At 6-12 months, severe glomerular abnormalities,
including thickening of the basement membrane of Bowman’s capsule, and glomerular
cysts, are observed. Loss of Glis2 leads to impaired kidney functions and end-stage renal
disease as indicated by elevated levels of serum creatinine and blood urea nitrogen (BUN),
and the development of proteinuria.

EMT connections with Glis2

Glis3

Fibrosis is an important characteristic of NPHP (Hildebrandt et al., 2009). Interstitial fibrosis
is caused by increased deposition of the extracellular matrix (ECM) by myofibroblasts that,
in turn, can be the result of transformation of activated fibroblasts into myofibroblast,
epithelial mesenchymal transition (EMT), and/or infiltration of fibrocytes (Zeisberg et al.,
2004; Wada et al., 2007; Wynn, 2007). EMT, a process by which epithelial cells undergo
transition into matrix-producing fibroblasts and myofibroblasts, is increasingly recognized
as playing a critical role in the development of renal fibrosis (Liu, 2009). Gene expression
profile analysis in Glis2-null mouse kidneys revealed that the expression of many EMT
signature genes was enhanced, including transforming growth factor p (Tgfb), vimentin,
Snail, Slug, connective tissue growth factor (Ctgf), and matrix metalloproteinase 14
(Mmp14), suggesting that loss of Glis2 promotes EMT (Attanasio et al., 2007; Kim et al.,
2008)(Fig. 3). Conversely, Glis2 appears to act as a repressor of EMT and the expression of
EMT-related genes in tubule epithelial cells. This concept is consistent with the expression
pattern of Glis2; expression of Glis2 was observed in renal tubule and Bowman’s capsule
epithelial cells, but not in endothelial and mesenchymal cells. Whether Glis2 regulates the
EMT signature genes directly or whether the induction of EMT is indirectly related to the
loss of Glis2, requires further study.

In addition to EMT-related genes, the expression of a number of inflammatory genes was
significantly induced in Glis2-null kidneys and accompanied by increased infiltration of
macrophages and lymphocytes (Attanasio et al., 2007; Kim et al., 2008)(Fig. 3). These
results suggest that inflammation may be part of the progression of the NPHP phenotype in
Glis2-null mice.

Loss of GLIS3 function leads to development of NDH

Genetic aberrations in the GLIS3 gene have been recently associated with a rare syndrome
characterized by neonatal diabetes and congenital hypothyroidism (NDH) (Senee et al.,
2006). Additional evidence for a role of GLIS3 in diabetes comes from genome-wide
association studies identifying the GLIS3 gene as a locus affecting the risk of type 1 and
type 2 diabetes (Barrett et al., 2009; Boesgaard et al., 2010; Dupuis et al., 2010). NDH
patients develop hyperglycemia and hypoinsulinemia, elevated blood levels of thyroid
stimulating hormone (TSH), and reduced levels of thyroid hormones T3 and T4.
Furthermore, depending on the nature of the mutation, NDH may be accompanied by facial
dysmorphology, polycystic kidney disease, hepatic fibrosis, glaucoma, and mild mental
retardation (Taha et al., 2003; Senee et al., 2006). One family of NDH patients (NDH1)
harbored a homozygous insertion (2067insC) that resulted in a frame shift and the
expression of a truncated, inactive GLIS3 protein. These patients had the most severe
abnormalities and a greatly reduced lifespan (from 10 days to 1.5 years). However, in
patients with an incomplete syndrome (NDH2 and NDH3), the deletion does not affect the
coding region of GLIS3, but causes the apparent loss of a critical regulatory region and
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consequently in a greatly diminished GLIS3 expression (Senee et al., 2006). These studies,
together with evidence that GLIS3 is expressed in the pancreatic p-cells and ducts and in the
renal tubules and collecting ducts in the kidney, suggest that GLIS3 is part of a transcription
network controlling pancreatic and renal functions.

As observed in NDH patients, mice with disrupted Glis3 function developed neonatal
diabetes, hypothyroidism, and polycystic kidney disease (Kang et al., 2009a; Kang et al.,
2009b; Watanabe et al., 2009). Glis3-null pups were hyperglycemic and died prematurely
within 10 days after birth. Although Glis3 pups are smaller, they do not exhibit any gross
anatomical abnormalities.

Role of Glis3 in pancreatic B-cell development

Histological analysis revealed that there was no significant difference in the size of the
pancreas between Glis3-null and wild type (WT) mice; however, the islets were greatly
reduced in size and morphologically distinct in the null mice (Kang et al., 2009b; Watanabe
et al., 2009). The reduced islet size is likely largely due to the decline in the number of fully
differentiated B-cells as indicated by the low levels of insulin, Pdx1, MafA, and Glut2
positive cells. This loss in B-cells is likely responsible for the development of neonatal
diabetes in the Glis3-null mice.

The absence of pancreatic B-cells observed in Glis3-null mice was not due to increased
apoptosis, but related to a defect in p-cell generation (Kang et al., 2009b; Watanabe et al.,
2009). These observations suggest that Glis3 plays a critical role in cell lineage specification
particularly in the development of -cells. Lineage determination in the pancreas is regulated
by several transcriptional networks and signaling pathways (Gradwonhl et al., 2000; Gu et al.,
2002; Murtaugh and Melton, 2003; Jensen, 2004; Jorgensen et al., 2007; Oliver-Krasinski
and Stoffers, 2008; Gittes, 2009). Early multipotent pancreatic progenitors, marked by the
expression of Pdx1, Ptfla, Nkx2.2, Sox9, Hnfl1p, and Cpal, are the source of all
differentiated cells of the exocrine, ductal, and endocrine lineages (Zhou et al., 2007;
Burlison et al., 2008)(Fig. 2). Between E11.5-13.5, as the pancreas undergoes extensive
branching morphogenesis, Sox9*HNF1B* precursors in the trunk compartment give rise to
exocrine, endocrine, and ductal lineages, while between E13.5-E16.5, during the so-called
secondary transition, the Sox9*HNF1B* precursors are only able to generate endocrine and
ductal lineages, but not acinar cells (Solar et al., 2009). The differentiation of these
precursors into pro-endocrine-progenitors is marked by the induction of neurogenin 3
(Ngn3). Loss of Glis3 function does not appear to affect the early pancreatic progenitors;
however, between E13.5 and E16.5, it greatly diminishes the number of Ngn3-positive cells
(Kang et al., 2009b). Given the important role of Ngn3 in the generation of pro-endocrine
progenitors, these results suggest that Glis3 may regulate the transition of embryonic
Sox9*Hnf1B* duct precursors into endocrine progenitors and/or the maintenance of
endocrine progenitors (Fig. 2). Future studies are required to determine the role of Glis3 in
the transcriptional network that regulates p-cell development.

Similar to B-cells, the number of somatostatin-positive y-cells was also diminished in Glis3-
null pancreas, whereas that of glucagon-positive a-cells was only slightly affected. The
development of pancreatic acini and the expression of acini markers were normal in Glis3-
null mice (Kang et al., 2009b; Watanabe et al., 2009). However, as observed in renal
tubules, pancreatic ducts were dilated and formed cysts, suggesting that Glis3 also plays a
role in regulating the function and maintenance of ductal epithelial cells (Kang et al.,
2009b). The latter is consistent with the expression of Glis3 in pancreatic ducts.
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Glis3-mediated insulin regulation

In addition to its role in the generation of B-cells, Glis3 has been shown to positively
regulate the expression of the insulin gene in mature p-cells (Senee et al., 2006; Kang et al.,
2009b; Yang et al., 2009). Thus, Glis3 has dual role in regulating both the development and
maintenance of mature B-cells, as been reported for several other transcription factors, such
as Pdx1 (Ahlgren et al., 1998; Holland et al., 2005). Knockdown of Glis3 in rat insulinoma
INS1 (832/13) cells by corresponding siRNAs reduced the expression of endogenous insulin
2 (Ins2), while over-expression of murine Glis3 increased Ins2 (Kang et al., 2009b; Yang et
al., 2009). The transcriptional regulation and p-cell specific expression of the human insulin
(INS) and murine Ins2 genes have been reported to involve a 600 bp regulatory region
upstream of the transcriptional start site (Ohneda et al., 2000; Melloul et al., 2002). Pdx1,
B2/NeuroD1, and MafA through their binding to A, E, and C-boxes within this region, are
key activators of insulin gene expression. These transcriptional activator complexes interact
with each other to synergistically activate insulin gene expression (Peers et al., 1994;
Peshavaria et al., 1997; Ohneda et al., 2000). The proximal regulatory regions of the mouse
Ins2 and human INS genes contain two Glis-BS sequences that can bind Glis3 efficiently.
Optimal activation of the mouse Ins2 and human INS promoters by Glis3 was found to
require both Glis-BS sequences (Kang et al., 2009b; Yang et al., 2009). Furthermore, a Glis3
mutant containing the NDH1 mutation that results in the loss of the Glis3 transactivation
domain at the C-terminus, was unable to activate the Ins2 promoter. A Glis3 mutant
containing a N-terminal truncation of 300 amino acids was a significantly more potent
activator of the Ins2 promoter than full-length Glis3 suggesting the presence of a N-terminal
regulatory domain. Glis3 was also found to enhance the expression of MafA and to interact
with Pdx1, MafA, and NeuroD1 complexes (Yang et al., 2009). These interactions may help
to stabilize the Glis3-DNA binding complex and enhance transcriptional up-regulation of the
Ins gene. Given the critical regulatory role of Glis3 in B-cell generation and Ins expression,
the Glis3 pathway might offer a potential target and opportunities for the development of
new therapeutic strategies in the treatment of diabetes.

Roles of Glis3 in Kidney

As observed in NDH1 patients, Glis3-null mice develop autosomal recessive polycystic
kidney disease (Taha et al., 2003; Senee et al., 2006). At PND3, Glis3-null mice show major
cysts arising from glomeruli and extensive dilation of renal tubules and collecting ducts.
Dilation of Bowman’s spaces in Glis3-null kidneys can be first observed around E14.5 to
E15.5 of kidney development (Hashimoto et al., 2009; Kang et al., 2009a). This phenotype
becomes more prominent at later stages of development.

Recently, a mutation in the medaka pc gene, an ortholog of mammalian Glis3, has also been
linked to the development of polycystic kidney disease in the medaka pc mutant (Hashimoto
et al., 2009). This mutant contains an insertion of a large transposon in the 4% intron causing
alternative splicing and expression of a truncated pc/Glis3 protein lacking the normal C-
terminus, including the last four ZFs. This suggests that the critical role of Glis3 in
regulating normal kidney functions is well conserved across species.

Glis3 in mesenchymal stem cell differentiation

Glis3 is highly expressed in human osteoblasts and certain osteosarcoma cell lines, and is
induced during osteoblast differentiation (Beak et al., 2007). Glis3 has been reported to
promote osteoblast differentiation in multipotent mesenchymal C3H10T1/2 cells in synergy
with bone morphogenic protein 2 (BMP2) and Shh as measured by the induction of alkaline
phosphatase activity and osteocalcin (OCN) and osteopontin (OPN) mRNA expression. In
contrast, Glis3 expression inhibits adipocyte differentiation in multipotent C3H10T1/2 cells.
Gene profiling analysis revealed that Glis3 enhanced the expression of several additional
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genes, including fibroblast growth factor 18 (Fgf18), a regulator of osteogenesis and
chondrogenesis (Liu et al., 2002; Beak et al., 2007). EMSA and reporter gene analysis
further revealed that Glis3 regulates the Fgf18 gene directly (Beak et al., 2007). Two
putative Glis-BS were identified in the upstream promoter region of Fgf18, one of which,
located at —1406, was shown to mediate the transactivation by Glis3. These observations are
consistent with the positive regulatory role of Glis3 in osteoblast differentiation. The latter
suggests that Glis3 might provide a new therapeutic target for the treatment of osteoporosis.

Role of the primary cilium in the Glis signaling pathway

The mechanisms by which Glis2- and Glis3-deficiencies lead to NPHP and polycystic
kidney disease are not yet fully understood. However, there are several indications of a
relationship between Glis function, the primary cilium, and renal cystic disease. First, both
Glis2 and Glis3 have been reported to localize to the primary cilium (Attanasio et al., 2007;
Hashimoto et al., 2009; Kang et al., 2009a). Interestingly, the closely related Gli proteins
also localize to the primary cilium which has been proven indispensable for at least part of
Shh-Gli signaling (Corbit et al., 2005; Haycraft et al., 2005; Huangfu and Anderson, 2005;
Liu et al., 2005; May et al., 2005; Rohatgi et al., 2007; Kiprilov et al., 2008). Second,
deficiency in Glis2 and Glis3 function lead to NPHP and polycystic kidney disease (PKD),
which belong to a group of disorders with abnormalities in the structure and/or function of
the primary cilium, referred to as ciliopathies (Saunier et al., 2005; Bisgrove and Yost, 2006;
Torres and Harris, 2006; Fliegauf et al., 2007; Hildebrandt et al., 2009). Many of the
proteins implicated in NPHP and PKD are linked to ciliary function and localize to the
primary cilia, basal body and/or centrosome. These observations strongly suggested that the
primary cilium plays a critical role in regulating the activity and function of Glis proteins.

Primary cilia are immotile hair-like structures that extend from the cell surface into the
extracellular space (Bisgrove and Yost, 2006; Fliegauf et al., 2007; Berbari et al., 2009;
Gerdes et al., 2009; Veland et al., 2009). The primary cilium consists of an axoneme formed
by 9 doublet microtubules surrounded by a specialized membrane that is continuous with the
plasma membrane but is enriched for certain specific receptors and channels. Ciliary
proteins are assembled into transport rafts at the base of the cilium and are transported in
and out the primary cilium along the length of the axoneme by intraflagellar transport (IFT)
(Rosenbaum and Witman, 2002; Bisgrove and Yost, 2006; Fliegauf et al., 2007; Berbari et
al., 2009; Gerdes et al., 2009; Veland et al., 2009). The primary cilium functions as a
sensory organelle that processes a variety of mechano-, chemo-, photo-, and osmosensors, as
well as Shh-, Wnt-, and PDGFa-dependent signaling pathways (Oro, 2007; Rohatgi et al.,
2007; Corbit et al., 2008; Veland et al., 2009). Both the formation of the primary cilium and
the control of cilium-associated signaling pathways are dependent on IFT. Although it has
not yet been demonstrated, the localization of Glis2 and Glis3 to the primary cilium is likely
dependent on a functional IFT. Although the percentage of renal tubule epithelial cells with
a primary cilium was decreased in mice with disrupted Glis2 or Glis3 function, many cells
were still able to form a normal primary cilium. These observations suggest that Glis2 or
Glis3 are not essential for the formation of the primary cilium structure (Kim et al., 2008;
Hashimoto et al., 2009; Kang et al., 2009a).

Based on their localization to the primary cilium, it is likely that Glis proteins are part of a
primary cilium-associated signaling pathway as has been demonstrated for Shh-Gli (Rohatgi
et al., 2007; Hashimoto et al., 2009; Attanasio et al., 2007; Kang et al., 2009a; Kang et al.,
2009b). Comparable to models of the primary cilium-associated Gli pathways (Haycraft et
al., 2005; Oro, 2007; Rohatgi et al., 2007; Kim et al., 2009), activation of a membrane-
bound protein (e.g. G-protein-coupled receptors) by an external signal (e.g., protein or
chemo-, osmo-, or mechanosensors) may control Glis accumulation in the primary cilium
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and the activation of Glis proteins through phosphorylation and/or proteolytic processing
(Fig. 4). Upon activation and their subsequent translocation into the nucleus, Glis proteins
repress or activate the transcription of target genes (Kang et al., 2009a). The identification of
repressor and activation domains in Glis proteins, the greatly increased transactivation
activity of N-terminal truncated Glis3, and the reported proteolytic processing of Glis2 are
consistent with this model (Kim et al., 2002; Zhang et al., 2002; Kim et al., 2003; Hosking et
al., 2007; Kang et al., 2009b). Future studies are required to identify the various molecular
components that are part of these exciting new signaling pathways.

The molecular mechanisms underlying cyst formation are not yet completely understood.
Several studies have indicated a connection between cyst formation, planar cell polarity
(PCP), and the primary cilium (Torres and Harris, 2006; Bacallao and McNeill, 2009;
Fischer and Pontoglio, 2009; Hildebrandt et al., 2009). PCP is defined as the polarization of
cells perpendicular to their apical-basal axis and has been implicated in the regulation of the
cell division axis. During elongation, renal tubules cells undergo oriented cell division
(OCD) in which most cells divide along the axis of the tubule. In cystic disease, cells
undergo random cell division thereby leading to dilation of the tubules and subsequently
cysts (Kolb and Nauli, 2008; Fischer and Pontoglio, 2009; McNeill, 2009). Loss of primary
cilia or ciliary function lead to defective PCP and misoriented cell division suggesting that
primary cilia play a critical role in regulating PCP and OCD. However, the precise
molecular mechanisms that connect the primary cilium with OCD, are not yet clear and
await further study. The formation of cysts in Glis2-null and Glis3-null mice might also be
due to defective PCP and misoriented cell division. Thus, Glis2 and Glis3 could be part of a
link between primary cilium function and OCD.

Conclusions

Glis transcription factors play a key role in the regulation of a variety of physiological
processes and have been implicated in several pathologies. Glis3 is essential for the
development of pancreatic B-cells and is critical in the regulation of insulin expression,
while both Glis2 and Glis3 are important for the maintenance of normal renal functions.
Mutations in GLIS2 have been implicated in nephronophthisis, while mutations in GLIS3
have been linked to the development of neonatal diabetes, hypothyroidism, and polycystic
kidney disease. In addition, elevated overexpression of GLIS3 in various cancer cells
suggests a role for GLIS3 in tumorigenesis.

Further analysis is required to determine the molecular mechanisms by which Glis
transcription factors regulate gene expression. The identification of additional Glis target
genes will not only aid in the understanding of the molecular mechanisms of these proteins,
but will also provide insights into their physiological functions in the pancreas and kidney,
and their roles in disease. The association of Glis proteins with the primary cilium suggests
that these proteins are part of a primary cilium-associated signaling cascade. The latter is
consistent with studies showing a connection between primary cilium and cystic kidney
disease. Elucidation of the Glis signaling pathways may provide new opportunities for the
development of therapeutic strategies in the treatment of diabetes, cancer, and cystic renal
disease.
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Figure 1.
Phylogenetic relationship between members of the GLIS, GLI, and ZIC family. Ci, opa, and

Imd (or gfl), are the Drosophila homologues of GLI, ZIC, and GLIS, respectively.
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Figure 2.

Schematic presentation of the putative role of Glis3 in pancreas development. Between
E11.5-13.5, as the pancreas undergoes extensive branching morphogenesis, multipotent
progenitors cells are precursors of exocrine, endocrine, and ductal lineages (Zhou et al.,
2007; Solar et al., 2009). Between E13.5-E16.5, during the so-called secondary transition,
Sox9*HNF1B* progenitors with a more limited differentiation potential in the trunk
compartment are able to generate the endocrine and ductal lineages, but not acinar cells. The
timing of Glis3 induction during pancreatic development and its expression in ductal and p-
cells appears consistent with a role for Glis3 in the lineage determination of those
Sox9*HNF1B* precursors generate the ductal and endocrine, but not the exocrine lineage
(Solar et al., 2009). In addition to its role in B-cell development, Glis3 acts as a regulator of
insulin expression and ductal epithelial cell function.
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Figure 3.

Loss of Glis2 function leads to nephronophthisis. Loss of Glis2 function in humans and mice
leads to renal atrophy and interstitial fibrosis, characteristics of nephronophthisis. This
involves increased apoptosis of tubular epithelial cells, induction of epithelial-mesenchymal
transition, and infiltration of macrophages and lymphocytes that ultimately results in end-
stage renal disease.

Histol Histopathol. Author manuscript; available in PMC 2010 December 3.



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

1duosnuei\ Joyiny Vd-HIN

Kang et al.

Page 24

Anterograde IFT ——»

Glis BS Glis BS

Figure 4.

Schematic representation of the role of the primary cilium in Glis signaling. The localization
of Glis proteins to the primary cilium suggests that these proteins are part of a primary
cilium-associated signaling pathway. A hypothetical upstream signal (e.g., peptide,
mechano-, 0smo, or chemosensor)(triangle) through plasma membrane-associated receptors
(e.g., G-protein coupled receptors) may regulate the primary cilium localization and activity
of Glis. Intraflagellar transport (IFT) proteins may direct anterograde and retrograde
movement of Glis proteins within the primary cilium. Upon activation, Glis proteins may
undergo post-translational modifications or proteolytic processing resulting in modified Glis
proteins that function as transcriptional activators (Glis®) or repressors (GlisR). After their
translocation to the nucleus, Glis proteins regulate the transcription of target genes through
interactions with co-activators (CoA) or co-repressors (CoR). Glis-BS, Glis-binding site.
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