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Abstract
Gli-similar (Glis) 1–3 proteins constitute a sub-family of Krüppel-like zinc finger proteins that are
closely related to members of the Gli family. Glis proteins have been implicated in several
pathologies, including cystic kidney disease, diabetes, hypothyroidism, fibrosis, osteoporosis,
psoriasis, and cancer. In humans, a mutation in the Glis2 gene has been linked to the development
of nephronophthisis (NPHP), a recessive cystic kidney disease, while mutations in Glis3 lead to an
extended multi-system phenotype that includes the development of neonatal diabetes, polycystic
kidneys, congenital hypothyroidism, and facial dysmorphism. Glis3 has also been identified as a
risk locus for type-1 and type-2 diabetes and additional studies have revealed a role for Glis3 in
pancreatic endocrine development, β-cell maintenance, and insulin regulation. Similar to Gli1-3,
Glis2 and 3 have been reported to localize to the primary cilium. These studies appear to suggest
that Glis proteins are part of a primary cilium-associated signaling pathway(s). It has been
hypothesized that Glis proteins are activated through post-translational modifications and
subsequently translocate to the nucleus where they regulate transcription by interacting with Glis
binding sites in the promoter regions of target genes. This chapter will summarize the current state
of knowledge regarding mechanisms of action of the Glis family of proteins, their physiological
functions, as well as their roles in disease.
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Introduction
Krüppel-like zinc finger proteins, so named for their similarity to the Drosophila
segmentation gene product Krüppel (Preiss et al., 1985), belong to a large and evolutionarily
conserved family of transcriptional regulators implicated in a broad range of cellular
processes including proliferation, apoptosis, differentiation, and development (Pearson et al.,
2008). The characteristic feature of the Krüppel-like family is the presence of two or more
classical Cys2/His2 zinc fingers that are separated by the conserved consensus sequence
TGEKP(Y/F)X (Dang et al., 2000). The zinc fingers constitute a DNA binding domain that
recognizes specific DNA elements in the promoter/regulatory regions of target genes
(Kaczynski et al., 2003). Outside of the zinc finger region there is relatively little homology
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amongst family members. Krüppel-like zinc finger proteins exhibit diverse roles during
embryonic development and in the adult and are implicated in a variety of pathologies.

Gli and Zic constitute two closely-related subfamilies of Krüppel-like zinc finger protein
that contain five Cys2/His2 zinc finger motifs and function as activators and/or repressors of
gene transcription. Gli and Zic proteins are essential for normal embryonic development and
have been implicated in a number of human diseases and cancers (Kasper et al., 2006;
Merzdorf, 2007; Mo et al., 1997; Ruiz i Altaba, 1999; Sasaki et al., 1999). Gli-similar (Glis)
proteins, the focus of this review, are closely related to the Gli and Zic sub-families (Kang et
al., 2010).

Glis1 was independently identified by two laboratories employing a yeast two-hybrid screen
against a mouse kidney cDNA library using the ligand-binding domain of the retinoid-
related orphan receptor, RORγ, as bait (Kim et al., 2002) or by sequence homology to the
Gli zinc finger domain (Nakashima et al., 2002). Subsequently, two additional family
members exhibiting a high degree of homology to the Glis1 zinc finger domain were
identified and referred to as Glis2 and Glis3 (Kim et al., 2003; Lamar et al., 2001; Zhang
and Jetten, 2001; Zhang et al., 2002). Like the members of the Gli and Zic sub-families,
Glis1–3 share a highly homologous zinc-finger domain consisting of five Cys2/His2 motifs.
The zinc finger domain of Glis1 is 58% and 93% identical to that of Glis2 and Glis3
respectively (Kim et al., 2002; Kim et al., 2003); however, Glis family members exhibit
little sequence homology outside of their zinc finger domains. The Glis proteins are
conserved across species with homologues for Glis3 identified in Drosophila and Oryzias
latipes and a high degree of homology existing between the human and mouse proteins
(Furlong et al., 2001; Hashimoto et al., 2009).

The human GLIS1-3 genes are located on chromosomes 1p32.3, 16p13.3, and 9p24.2, and
encode for proteins that are approximately 65.9, 55.7, and 90 kD in size, respectively.
Glis1-3 are expressed in a temporal and spatial manner during embryonic development and
in the adult are expressed in a tissue- and cell type-specific manner. Under normal
circumstances, all three Glis family members are most abundantly expressed in the kidney.
Glis1 is further expressed in the placenta, brown adipose tissue, brain, thymus, colon, and
testis (Kim et al., 2002), while Glis2 expression was also detected in the lung, prostate,
colon, brain, liver, heart and intestine (Zhang and Jetten, 2001; Zhang et al., 2002). In
addition to the kidney, Glis3 expression was detected in the pancreas, thyroid, thymus,
uterus, ovary, brain and lung (Kim et al., 2003; Senee et al., 2006).

Characterization of Glis-null mouse models has identified several biological functions
associated with the Glis proteins. For example, mice deficient in Glis2 develop
nephronophthisis (NPHP), characterized by renal atrophy and fibrosis involving defects in
epithelial mesenchymal transition (EMT) within renal tubules (Attanasio et al., 2007; Kim et
al., 2008; Kang et al., 2010). Glis3-null mice develop neonatal diabetes, hypothyroidism,
and polycystic kidney disease (Kang et al., 2009b; Watanabe et al., 2009). This chapter will
review what is currently known about the mechanisms of action of Glis proteins, their
physiological function, and their roles in disease.

Mechanism of Action of Glis Proteins
Sub-cellular localization

Examination of fluorescent-tagged Glis proteins by confocal microscopy revealed that these
proteins were predominantly localized to the nuclear compartment (Kim et al., 2002; Kim et
al., 2003; Zhang et al., 2002). However, the mechanisms by which Glis proteins are directed
to the nucleus are not yet fully understood. Analyses of several putative bipartite nuclear
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localization sequences within the Glis proteins, including a motif within Glis3 overlapping
ZF5 that shares homology with the bona fide nuclear localization signal (NLS) of the
Drosophila homologue of Gli, Cubitus interruptus (Ci) (Wang and Holmgren, 1999),
demonstrated that these sequences are not required for nuclear localization (Beak et al.,
2008; Kim et al., 2002; Zhang et al., 2002). Deletion analyses suggested that the region
containing ZF4 is essential for the nuclear localization of Glis3, while ZF3 is essential for
Glis2 nuclear localization (Beak et al., 2008; Vasanth et al., 2011). Furthermore, while
disruption of the tetrahedral configuration of ZF4 abated Glis3 nuclear localization, Glis2
localization was unaffected by corresponding mutations. These observations indicated that
the nuclear localization of Glis2 and Glis3 seems to be dependent upon their zinc finger
domains. Future studies are required to understand the mechanisms by which these regions
mediate nuclear localization.

DNA binding
In addition to their role in nuclear localization, the zinc finger domains of the Glis proteins
are essential for the interaction of Glis proteins with DNA. The Glis zinc finger domains are
comprised of five tandem Cys2His2 zinc fingers. Cys2His2 zinc fingers, the most common
DNA binding domain found in eukaryotes, each form a ββα structure and maintain a
tetrahedral configuration stabilized by a zinc ion that interacts with the four cysteine and
histidine residues (Brayer and Segal, 2008; Frankel et al., 1987; Lee et al., 1989). The
specificity of the zinc fingers for defined DNA sequences is mediated by the alpha helices of
each finger, which fits within the major groove of the DNA and recognizes overlapping
short stretches of nucleotides (Elrod-Erickson et al., 1996). Thus, modularly composed zinc
fingers can be capable of recognizing a relatively diverse array of DNA elements. The
sequence 5′-(G/C)TGGGGGG(A/C) was identified as the optimal Glis binding site (GlisBS)
for Glis3 in vitro (Beak et al., 2008). The tetrahedral configuration of each ZF was required
for DNA binding. Given the great degree of homology between the zinc finger domains of
Gli and Glis proteins, it came as little surprise that the Glis proteins were also capable of
interacting with the consensus Gli binding site (GBS), 5′-GACCACCCA in vitro (Kim et al.,
2002; Kim et al., 2003; Lamar et al., 2001; Nakashima et al., 2002; Ruppert et al., 1988;
Vasanth et al., 2011). However, both Glis3 and GLI1 bound the GlisBS with a higher
affinity than the GBS (Beak et al., 2008). The fact that Gli and Glis proteins can both bind
the same elements allows for the possibility of cross-talk between the Gli and Glis signaling
pathways.

Binding of Glis proteins to specific DNA elements is likely not only determined by the
specificity of individual residues within the alpha-helices of the zinc fingers, but also
affected by the co-factors that are part of the Glis transcription regulatory complex and the
promoter context of the GlisBS. In addition, posttranslational modifications of Glis proteins
might influence their binding specificity for GlisBS. The latter is supported by a recent study
showing that the binding of Glis2 to GlisBS was abrogated by a phosphomimetic mutation
of Ser245 within the loop of ZF3 both in vitro and in cultured cells (Vasanth et al., 2011).
The specific kinase(s) involved in the potential phosphorylation of Glis2 and its relevance to
the physiological function of Glis2 in vivo have yet to be determined.

Transcriptional regulation by Glis proteins
The ability of Glis proteins to function as transcription factors requires not only the DNA-
binding domain, but also a transcriptional activation or repressor domain (Kang et al., 2010).
In that regard, several distinct regions outside the zinc finger domain that mediate
transcriptional regulation by Glis1–3 have been characterized and are depicted in figure 1
(Beak et al., 2007; Beak et al., 2008; Kang et al., 2009a; Kang et al., 2010; Kim et al., 2002;
Kim et al., 2003; Nakashima et al., 2002). Glis3 was able to induce transactivation of a
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reporter gene under the control of the consensus GlisBS or GBS, whereas Glis1 and Glis2
were unable to activate the reporter gene very effectively. A potent transactivation domain
(TAD) was identified within the C-terminus of Glis1 (Kim et al., 2002). However, the
transactivation by Glis1 required the removal of the N-terminus, suggesting the presumed
presence of an N-terminal repressor domain. In contrast, full-length Glis1 was found to
potently activate a reporter under the control of the mouse insulin 2 (mIns2) promoter in
both HEK293 cells and INS1 (832/13) cells (Zeruth et al., 2011) suggesting that Glis1
activity is dependent on the cell type and the promoter context. Furthermore, Ca2+-
dependent calmodulin kinase IV (CaMKIV), which has been reported to phosphorylate
transcription factors such as Serum Response Factor (SRF) and CAATT enhancer binding
protein (CEBPα) enhancing their transcriptional activity (Marshall et al., 2003; Miranti et
al., 1995), increased the activation capabilities of Glis1 approximately 4-fold (Kim et al.,
2002). The significance of CaMKIV on the transcriptional activity of Glis1 in vivo is
unknown and elicits further study; however, given the noted ability of CaMKIV to
phosphorylate and activate the ubiquitous co-activator, CREB binding protein (CBP), it is
possible that the enhancement of Glis1 transactivation function by CaMKIV involves the
activation of CBP or another co-factor (Soderling, 1999).

A putative TAD and a potential repressor domain were also identified by monohybrid
analyses within the N-terminus of Glis2 between amino acids 71 and 137 and extending into
ZF1, respectively (Zhang et al., 2002). While Glis2 was incapable of activating a (GlisBS)6
controlled reporter, exogenous full-length Glis2 was capable of activating a reporter
controlled by the mIns2 promoter in HEK293 cells (Vasanth et al., 2011; Zeruth et al.,
2011). Maximal induction of the mIns2 promoter required the N- and C-terminus of Glis2
suggesting that both regions may be involved in the binding and recruitment of
transcriptional mediators. In contrast, Glis2 was able to repress GLI1-mediated activation of
a (GliBS)6 driven reporter. This was likely due to competition between Glis2 and GLI1 for
GliBS binding rather than Glis2 repressor activity given that the DNA binding domain of
Glis2 was sufficient to repress GLI1-mediated activation, while a DNA binding mutant of
Glis2 had no effect.

Glis3 is able to induce transactivation of a (GlisBS)6-driven reporter as well as reporters
under control of the mIns2 and FGF18 promoters in various cellular contexts (Beak et al.,
2007; Kang et al., 2009b; Yang et al., 2009; Zeruth et al., 2011). A potent TAD was
identified within the C-terminus of Glis3, which is indispensable for Glis3-mediated
transactivation (Kang et al., 2010; Kim et al., 2003). N-terminal deletions of Glis3 increase
its activation of the mIns2 promoter that attained a maximum with the ΔN302 mutant and
decreased with subsequent deletions suggesting the presence of a regulatory motif(s) within
the N-terminus (Kang et al., 2009b; Kim et al., 2003; Zeruth et al., 2011). The molecular
basis by which the N-terminus of Glis3 regulates Glis3 transactivation function is currently
unknown. It is possible that deletions within the N-terminus eliminate a repressor or protein
interaction domain. Alternatively, truncation of the N-terminus may lead to a conformational
change that enhances interactions with cofactors and/or increases DNA binding affinity.

Interacting partners
Transcriptional regulation by transcription factors is mediated through their interaction with
co-activator and co-repressor complexes. A number of proteins that interact with Glis
proteins and mediate or modulate their transcriptional activity have been identified (figure
1). Amongst these, C-terminal binding protein 1 (CtBP1) has been reported to interact with
both the N-and C-terminus of Glis2 (Kim et al., 2005). CtBP1 interacts with and functions
as a co-repressor for a number of transcription factors. It mediates transcriptional repression
by recruiting proteins with various histone modifying enzymatic activities, including histone
deacetylases (HDACs) and histone lysine methyl transferases (Chinnadurai, 2007). In fact,
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HDAC3 has been identified as part of a Glis2-CtBP1 complex and may contribute to the
ability of Glis2 to act as a transcriptional repressor (Kim et al., 2005).

Glis2 has also been reported to interact with p120 catenin (p120ctn) and to promote its
nuclear localization (Hosking et al., 2007). Interaction with p120ctn was found to induce a
Src kinase-dependent cleavage of Glis2 between zinc fingers 4 and 5. P120ctn has been
reported to be bound to E-cadherin at cell-cell contacts and can also be associated with
microtubules. Over-expression of E-cadherin resulted in a reduction of Glis2 cleavage, while
the induction of microtubule depolymerization enhanced Glis3 cleavage. Taken together,
this suggests that p120ctn must be free in the cytosol to interact with Glis2 (Hosking et al.,
2007). While the physiological function of its interaction with Glis2 is currently unknown,
p120ctn, a member of the Armadillo family of proteins, has emerged as a regulator of
RhoGTPases and E-cadherin stability as well as a regulator of the transcriptional activity of
the transcription factor Kaiso (Daniel, 2007; Reynolds, 2007; Xiao et al., 2007). Because of
its association with Kaiso, p120ctn has also been implicated as a modulator of the Wnt
signaling pathway (Kim et al., 2004; Na et al., 2007; Park et al., 2005) and therefore raises
the possibility that Glis2 may be linked to Wnt signaling. The connection between Glis2 and
p120ctn is interesting in the light that both proteins have been implicated in the control of
epithelial-mesenchymal transition (EMT).

Further reinforcing the possibility of Glis2 cross-talk with the Wnt pathway, Glis2 interacts
with the armadillo repeats of β-catenin via its first zinc finger (Kim et al., 2007). β-catenin is
an integral component of the canonical Wnt signaling pathway and in combination with T-
cell factor/Lymphoid enhancer factor (TCF/LEF), positively regulates Wnt target genes
(Akiyama, 2000). β-catenin also regulates cell adhesion and migration through interactions
with the cytoplasmic domains of cadherins and is therefore implicated in a number of
cancers (Gavert and Ben-Ze’ev, 2007). Glis2 acts as a negative regulator of β-catenin and
subsequently inhibits TCF/LEF signaling and the β-catenin-TCF/LEF mediated activation of
cyclin D1. Because of the essential role β-catenin plays in Wnt signaling, its interaction with
Glis2 suggests cross-talk between the Wnt and Glis signaling pathways.

Recently, Glis3 was reported to interact with the tumor suppressor and negative regulator of
Hedgehog (Hh) signaling, Suppressor of Fused (SUFU), via a YGH motif (Zeruth et al.,
2011). This motif is part of a 58 amino acid region within the Glis3 N-terminus that exhibits
high levels of homology to a corresponding region in the Ci/Gli proteins. A putative degron
was identified within this conserved region of the Glis3 N-terminus upstream of the SUFU
interaction motif, a loss of which resulted in a significant increase in Glis3 protein levels.
Glis3 protein levels are stabilized by the proteasome inhibitor, MG132, suggesting that
Glis3 is targeted for proteolytic degradation by the 26S proteasome. In fact, the E3-ubiquitin
ligase scaffolding protein, Cullin 3 (Cul3) was shown to associate with the Glis3 N-terminus
and its over-expression enhanced Glis3 polyubiquitination in cultured cells. SUFU,
conversely, inhibited Glis3-Cul3 interaction and decreased the level of Glis3
polyubiquitination, thereby stabilizing Glis3 protein levels (Zeruth et al., 2011). Cul3 is
typically associated with ubiquitin ligases by means of BTB-domain containing proteins that
target specific proteins for degradation. To date, a BTB-domain containing protein that
mediates interaction of Glis3 and Cul3 has not yet been identified.

In addition to stabilizing Glis3, SUFU has been shown to modulate Glis3-mediated
transactivation of the Ins2 promoter. SUFU also interacts with the C-terminus of Glis2
through a disparate mechanism, although the effects of the interaction are unknown and do
not appear to influence Glis2 protein stability or transactivation function. SUFU has been
reported to interact with members of the GLI family and shown to regulate the stability and
processing of GLI2 and GLI3 into repressor or activator forms (Barnfield et al., 2005;
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Cheng and Bishop, 2002; Humke et al., 2010; Svard et al., 2006; Wang et al., 2010). In the
absence of signaling, SUFU restrains Gli3 in the cytoplasm, promoting its processing into a
repressor, while initiation of hedgehog signaling triggers the dissociation of SUFU and
promotes the translocation of the activated form into the nucleus. SUFU has also been
reported to interact with β-catenin to negatively regulate TCF/LEF signaling (Meng et al.,
2001). The interaction of Glis2–3 with SUFU yields the possibility of cross-talk between the
Glis, hedgehog, and Wnt signaling pathways.

Glis3 has further been reported to interact with the key insulin transcriptional regulatory
factors, pancreatic duodenal homeobox 1 (Pdx1), v-maf musculoaponeurotic fibrosarcoma
oncogene homolog A (MafA), and NeuroD1 resulting in synergistic activation of Ins2 (Yang
et al., 2009). Transcriptional regulation and β-cell specific expression of the insulin 2 gene
occurs via a 600 bp promoter region upstream of the transcriptional start site (Edlund et al.,
1985; German et al., 1992; Hanahan, 1985; Melloul et al., 2002; Ohneda et al., 2000a;
Walker et al., 1983). The most notable elements within this regulatory region are the A, E,
and C-boxes, which bind Pdx1, β2/NeuroD1, and MafA, respectively (Melloul et al., 2002;
Ohneda et al., 2000a). These transcription factors interact to form a stable DNA-binding
complex capable of recruiting additional co-factors and transcriptional machinery (Ohneda
et al., 2000a; Ohneda et al., 2000b; Peshavaria et al., 1997; Petersen et al., 1994). The
precise dynamics of Glis3 interaction with insulin transcriptional regulators and the role
Glis3 plays in the maintenance of adult pancreatic endocrine cells is not fully understood
and requires further investigation.

Recent studies have demonstrated that Glis3 is able to interact with the transcriptional co-
regulator, transcriptional coactivator with PDZ-binding motif (TAZ, also known as
WWTR1) through a PPXY site within the Glis3 C-terminus (Kang et al., 2009a). TAZ
interaction with Glis3 modestly enhances Glis3-mediated activation of a (GlisBS)6
controlled reporter. The interaction between Glis3 and TAZ and the observation that loss of
either TAZ or Glis3 expression lead to polycystic kidney disease suggest a possible common
link in the development of this phenotype (Chan et al., 2008; Hossain et al., 2007; Kang et
al., 2009a; Makita et al., 2008; Senee et al., 2006). TAZ is part of the Hippo signaling
pathway (Lei et al., 2008) that has been implicated in the regulation of cell proliferation,
EMT, and planar cell polarity (PCP), cellular processes that have been implicated in the
formation of polycystic kidneys. Thus, disruption in Glis3-TAZ interaction might result in
defects in these functions and be causally involved in the development of polycystic
kidneys.

Glis signaling and the primary cilium
In addition to the nucleus, 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; Kang et al., 2010).
Thus far, no evidence has emerged linking Glis1 to the primary cilium. The primary cilium,
a microtubule-based, hair-like projection present on nearly all mammalian cells, extends
from the apical surface and functions as a sensory organelle (Goetz and Anderson, 2010). It
serves as a signaling hub for an increasing number of distinct signaling pathways such as
phototransduction, mechano-, osmo-, and chemosensation. Key components of the canonical
hedgehog, Wnt, platelet-derived growth factor, and PCP pathways have also been shown to
localize within the primary cilium, which has been demonstrated as indispensable for their
proper signaling (Berbari et al., 2009). Moreover, certain G protein-coupled receptors
(GPCRs), including somatostatin receptor 3 (Sstr3), melanin-concentrating hormone
receptor 1 (Mchr1), and serotonin receptor 6 (Htr6), have been reported to localize to the
ciliary membrane in various cell types (Berbari et al., 2008a; Iwanaga et al., 2011; Stanic et
al., 2009). The trafficking of many signaling receptors to the ciliary membrane appears to be
mediated by the BBsome, a large protein complex containing specific Bardet-Biedl
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syndrome (BBS) proteins (Berbari et al., 2008b; Domire et al., 2010; Goetz and Anderson,
2010; Nachury et al., 2010). Once inside the ciliary compartment, many essential ciliary
proteins utilize a modified system of microtubule associated transport termed intraflagellar
transport (IFT). Anterograde transport of proteins toward the cilium tip requires the kinesin
II motor proteins, while retrograde transport back toward the cilium base requires dynein
motor proteins (Blacque et al., 2008; Goetz and Anderson, 2010; Rosenbaum and Witman,
2002). Since many of the proteins necessary for cilia construction utilize IFT, disruption of
IFT components inhibits ciliogenesis or results in the deformation of cilia (Pedersen and
Rosenbaum, 2008). Furthermore, disruption of IFT proteins affects cilia related signaling
pathways such as several aspects of sonic hedgehog (Shh)-Gli signaling, including the
movement of the downstream effectors, Gli2–3, suggesting that they depend on a functional
IFT (Haycraft et al., 2005; Liu et al., 2005; May et al., 2005; Qin et al., 2011). Whether or
not Glis proteins associate with IFT motors or whether IFT is required for proper Glis
signaling is currently unknown and requires further investigation.

It appears likely that Glis proteins are part of a primary cilium-associated signaling pathway
and although the functional significance of Glis protein accumulation in the primary cilium
has not yet been established, the role that the primary cilium plays in Shh/Gli signaling has
been fairly well characterized (Goetz and Anderson, 2010). In the absence of Shh, its
receptor Patched (Ptch1) is localized to the primary cilium and prevents ciliary localization
of Smoothened (Smo). Shh binding to Ptch1 results in its exit from the ciliary compartment
and relieves repression of Smo, allowing it to enter the cilium (Corbit et al., 2005; Rohatgi et
al., 2007). The mutually exclusive presence of Ptch1 or Smo in the cilium regulates the
processing of Gli3 into its activator or repressor forms (Haycraft et al., 2005; Huangfu et al.,
2003; Liu et al., 2005). Modified Gli proteins then exit the cilium and translocate to the
nucleus where they regulate the transcription of target genes. We proposed previously that
the primary cilium might play a similar role in the regulation of Glis. The activity of Glis
proteins might be regulated by external signals received through receptors (e.g. G protein-
coupled receptors) localized to the primary ciliary membrane that control Glis activity by
promoting their proteolytic cleavage or regulating other posttranslational modifications.
After activation, Glis proteins might then translocate to the nucleus where they regulate the
transcription of target genes and subsequently influence various physiological processes
(figure 2). Defects in the structure or synthesis of the primary cilium and abnormalities in
primary cilium-associated signaling pathways have been implicated in several pathologies
collectively referred to as ciliopathies, including disorders with various sensory defects and
cystic renal diseases (Fliegauf et al., 2007). Because of their connection with the primary
cilium, it is not surprising that defective Glis signaling is associated with the development of
several ciliopathies.

Role of Glis Proteins in Renal Physiology and Pathology
Glis2, nephronophthisis, and mesenchymal-epithelial transition

All three Glis proteins are highly expressed in adult kidney and exhibit a temporal and
spatial pattern of expression during embryonic kidney development. At E9.0 of murine
development, the ureteric bud develops from budding of the caudal portion of the
mesonephric Wolffian duct and invades the metanephric mesenchyme (Michos, 2009;
Wilson, 2008). This is followed by extensive branching of the ureteric bud, giving rise to the
renal collecting tubules. At E11.5, the mesenchymal cells condense and undergo
mesenchymal-epithelial transition (MET) to form comma and S-shaped bodies that by E13.5
begin to develop into the glomeruli and renal tubules. Reciprocal crosstalk between the
metanephric mesenchyme and the ureteric bud plays an important role in the control of MET
and ureteric bud branching. During murine metanephric development, Glis2 is most highly
expressed in the ureteric bud, whereas mesenchymal tissue, comma- and S-shaped bodies
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expressed at low levels or were devoid of Glis2 (Attanasio et al., 2007; Zhang et al., 2002).
In adult kidneys, Glis2 was detected in the epithelial cells of all segments of the renal tubule
and in the epithelial cells of Bowman’s capsule, but not in glomeruli, endothelial, or
mesenchymal cells (Attanasio et al., 2007). Recent studies reported that loss of Glis2
function in humans and mice leads to the development of NPHP, a recessive cystic kidney
disease that is the most common genetic cause of end-stage renal disease in children and
young adults (Hildebrandt and Zhou, 2007). NPHP is a characterized by tubular atrophy,
fibrosis and glomerular cyst formation which progressively leads to dramatic changes in
renal architecture and ultimately end-stage kidney disease. Through positional cloning,
mutations in nine distinct genes (NPHP1–9) have been linked to NPHP (Hildebrandt and
Zhou, 2007; Simms et al., 2011). Mutations in the NPHP1 gene account for approximately
21% of all NPHP cases, whereas mutations in NPHP2–9 each account for less than 9% of
cases. Mutations that abolish the splice site within exon 5 of Glis2, which is also referred to
as NPHP7, were linked to NPHP in three patients from a single family (Attanasio et al.,
2007). Similarly, Glis2-null mice develop renal atrophy and tubulo-interstitial fibrosis
characteristic of NPHP at an early age that is accompanied by increased inflammation. The
severity of the symptoms progress with age as evidenced by increased blood urea nitrogen
(BUN) and creatinine levels and the development of proteinuria, which ultimately lead to
renal failure and premature death (Attanasio et al., 2007; Kim et al., 2008).

The progressive tubulointerstitial fibrosis associated with NPHP7 is accompanied by
increased accumulation of extra-cellular matrix (ECM) components produced by
myofibroblasts. The increase in myofibroblasts during fibrosis may occur through several
mechanisms, including differentiation of fibroblasts into myofibroblast, EMT, infiltration of
fibrocytes, or a combination of the three processes. In EMT, epithelial cells
transdifferentiate into myofibroblasts that migrate into the interstitium (Liu, 2009; Wada et
al., 2007; Wynn, 2007; Zeisberg and Kalluri, 2004). Gene expression profile analysis of
kidneys from Glis2-null and wild-type mice revealed increased expression of a number of
genes that play a critical role in EMT, including transforming growth factor β (Tgfβ),
vimentin, matrix metallopeptidase 14 (Mmp14), connective tissue growth factor (Ctgf),
Snail, and Slug (Attanasio et al., 2007; Kim et al., 2008). These data suggested that the
induction of renal fibrosis in Glis2-null mice is mediated through EMT in renal tubule
epithelial cells. These observations further implied that Glis2 may act as a repressor of EMT
and EMT-related gene expression. Additional research is required to determine the precise
molecular mechanism by which Glis2 regulates the maintenance of normal renal structure
and function and to determine its role in controlling EMT.

Glis3 and polycystic kidney disease
Glis3 deficiency in humans and mice is associated with an extended multi-system phenotype
that includes the development of polycystic kidney disease (PKD) (Dimitri et al., 2011;
Kang et al., 2009b; Senee et al., 2006; Taha et al., 2003; Watanabe et al., 2009).
Furthermore, a mutation in the pc gene, an ortholog of Glis3, has been associated with the
development of polycystic kidneys in medaka (Hashimoto et al., 2009; Kang et al., 2010).

PKD is a common heritable kidney disease characterized by the formation of large fluid-
filled cysts in the glomerulus, renal tubules, and collecting ducts. Autosomal dominant PKD,
the most common PKD in humans, results from mutations in PKD1 and PKD2, which
encode polycystin-1 and -2, respectively (Gallagher et al., 2010; Harris and Torres, 2009).
Autosomal recessive PKD, which is mostly associated with young children, is caused by
mutations in PKHD1, which encodes polyductin/fibrocystin (Al-Bhalal and Akhtar, 2008;
Bergmann et al., 2004). At E14.5 of kidney development, Glis3 mRNA is highly expressed
in the branches of the ureteric bud of the metanephros (Kim et al., 2003), while in the adult
mouse kidney it is expressed in the epithelia of the collecting ducts, renal tubules, and
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Bowman’s capsule (Hashimoto et al., 2009; Kang et al., 2009a). Histological analyses of
Glis3-null mouse kidneys showed dilation of Bowman’s spaces as early as E14.5. Loss of
Glis3 does not appear to affect the extent of ureteric bud branching and the renal phenotype
became more pronounced at later stages of mouse development. By postnatal day 3 (PND3),
major glomerular cysts were observed along with the formation of cystic renal tubules and
dilation of collecting ducts (Kang et al., 2009a). These observations indicate that Glis3 plays
a critical role in the maintenance of normal renal architecture and function (Kang et al.,
2010).

Links between Glis signaling, the primary cilium, and renal disease
The molecular mechanisms that lead to cyst formation are still not fully understood;
however, it has become evident that there is a strong causal relationship between the primary
cilium and cystic renal diseases as defects in the formation of the primary cilium or in
primary cilium-associated signaling pathways result in the development of cystic kidney
diseases, including, PKD and NPHP (Hildebrandt et al., 2011; Hildebrandt and Zhou, 2007;
Yoder, 2007). Moreover, many proteins involved in NPHP and PKD, including NPHP1–5
and polycystins 1 and 2, have been localized to the primary cilium. Thus, the development
of PKD and NPHP due to Glis3 and Glis2 deficiency, respectively, is consistent with an
association between Glis signaling pathways and the primary cilium (figure 2). Although a
reduction in the percentage of primary cilium-containing cells was observed in renal cysts,
Glis3-deficiency does not result in the loss of the primary cilium in renal tubule epithelial
cells, implying that Glis3 is not required for ciliogenesis (Hashimoto et al., 2009; Kang et
al., 2009a; Kim et al., 2008). The reduction in primary cilium-containing cells is likely a
consequence rather than a cause of renal cyst formation.

Although the primary cilium plays a critical role in the regulation of many developmental
processes (Bisgrove and Yost, 2006; Eggenschwiler and Anderson, 2007), the function of
the primary cilium and its relationship to the development of cystic kidney disease are not
fully understood. A role for the primary cilia in sensing fluid flow has been suggested by a
number of laboratories (Nauli and Zhou, 2004; Praetorius and Spring, 2001; Schwartz et al.,
1997) and mechano-sensation by the primary cilium has been shown to result in increased
levels of intracellular Ca2+ concentration both in cultured cells and in collecting ducts of
kidney (Nauli et al., 2003). Alternatively, the primary cilium contributes to the control of
proper kidney development and maintenance by regulating cell proliferation, PCP, and
oriented cell division (OCD). Several protein kinases, including the mTOR, MAPK, and Akt
pathways, and Wnt signaling have been implicated in these processes (McNeill, 2009;
Menezes and Germino, 2009).

PCP, which is defined as the polarization of a field of cells within the plane of a sheet, has
been implicated in postnatal development of nephrons as well as in cystic kidney diseases
(Fischer and Pontoglio, 2009). Disruption of PCP genes, including Vang-like 2 (Vangl2) and
Four-jointed box 1 (Fjx1), has been shown to result in the development of tubular cysts.
Kidney tubules undergo extensive proliferation in the developing kidney. The elongation of
the tubule in the longitudinal direction is driven by cell division along the axis of the tubule,
a process referred to as OCD. Non-directional (mis-oriented) cell division has been proposed
as a mechanism of cyst formation; however, cyst formation has been observed at stages of
renal development before cells undergo OCD suggesting that additional mechanisms may be
involved (Karner et al., 2009; Nishio et al., 2010). Defects in non-canonical Wnt signaling
have been reported to result in cystic kidney disease (Lancaster and Gleeson, 2010).
Whether defects in PCP, OCD, and Wnt signaling play a role in the cystogenic phenotype
associated with deficiencies Glis2 and Glis3, requires further study.
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Role of Glis3 in Pancreas Physiology and Pathology
Development of diabetes

In humans, mutations in the gene encoding GLIS3 are associated with a rare syndrome
characterized by neonatal diabetes and congenital hypothyroidism with 8 affected cases
from 5 families reported to date (Dimitri et al., 2011; Senee et al., 2006; Kang et al., 2010).
Depending on the nature of the mutation, additional features include hepatic fibrosis,
congenital glaucoma, polycystic kidney disease, facial dysmorphism, bilateral sensorineural
deafness, and osteopenia (Dimitri et al., 2011; Senee et al., 2006; Taha et al., 2003).
According to several human genome-wide association studies (GWAS), GLIS3 has also
been linked to aberrant glucose regulation and reduced β-cell function, and was identified as
a risk locus for both type-1 and type-2 diabetes (Barker et al., 2011; Barrett et al., 2009;
Boesgaard et al., 2010; Dupuis et al., 2010; Hu et al., 2010). In accordance with the human
studies, two independent laboratories have reported that Glis3-null mice developed neonatal
diabetes characterized by hyperglycemia and hypoinsulinemia (Kang et al., 2009b;
Watanabe et al., 2009). These findings suggest that GLIS3 contributes to the maintenance of
endocrine functions in the pancreas, while aberrant GLIS3 function is associated with the
development of diabetes (including neonatal, type-1, and type-2). Thus, Glis3-null mice
provide an excellent functional model system in which to study the biological role of Glis3
in diabetes.

Pancreatic β-cell development and maintenance
The pancreas exhibits important exocrine and endocrine functions. It contains 3 major cell
compartments: the acini, which produce digestive enzymes, the ducts through which the
secretory enzymes are transported into the gastrointestinal tract, and the islets of Langerhans
(Leung, 2010). The islets, produce and secrete various hormones, including glucagon,
insulin, pancreatic polypeptide, somatostatin, and ghrelin from α, β, γ, δ, and ε cells,
respectively. Although islets compose a small portion (roughly 5–10%) of the pancreas, they
are crucial for the maintenance of pancreas function and endocrine hormone signaling,
including the control of glucose homeostasis. Glis2 and Glis3 are highly expressed in
pancreatic islets, specifically in the insulin-producing β-cells. Glis3 is also highly expressed
in the pancreatic ducts (Senee et al., 2006; Kang et al., 2009b; Watanabe et al., 2009).

The mouse pancreas develops from two buds of the foregut into the dorsal and ventral
pancreas at approximately embryonic day 9 (E9), and then forms a single organ after
rotation and fusion between E13 and E14 (Guney and Gannon, 2009; Pan and Wright,
2011). The major components of the mature pancreas are not discernible until E16.5. For
example, islet-like structures are formed at E16.5 and continue to develop and mature until
2–3 weeks after birth. Several genetically modified mouse models have been used to
identify the hierarchy of the signaling pathways and transcription factors critical for
pancreatic lineage determination (Jorgensen et al., 2007; Murtaugh and Melton, 2003). At
E9, epithelial cells of the dorsal and ventral pancreas, regarded as pancreatic progenitors,
express Pdx1, Nkx2.2, pancreatic transcription factor 1a (Ptfla), and carboxypeptidase A1
(Cpa1) (Burlison et al., 2008; Zhou et al., 2007). In fact, Pdx1-null mice fail to develop a
pancreas and die shortly after birth (Jonsson et al., 1994). Notch signaling is also crucial for
pancreas development at multiple stages. Under normal circumstances, reduced Notch
signaling induces the expression of neurogenin 3 (Ngn3)-positive endocrine progenitor cells
from pancreatic progenitors, which subsequently become committed to the various
endocrine lineages (Apelqvist et al., 1999; Guney and Gannon, 2009; Pan and Wright,
2011). Ngn3-deficient embryos expressed Pdx1+ pancreatic progenitor cells at E11.5 but
lack endocrine cells at birth (Gradwohl et al., 2000). Finally, transcription factors including
NeuroD1, Pax6, Pax4, Nkx2.2, Nxk6.1 play a critical role in the further development of
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endocrine progenitors into pancreatic β-cells (Bernardo et al., 2008; Guney and Gannon,
2009; Pan and Wright, 2011).

Glis3-null mice die within one week after birth likely due to neonatal diabetes. Islet size and
the expression of several β-cell markers, including insulin, glucose transporter type 2
(Glut2), MafA, and Nkx6.1, were dramatically decreased in Glis3-null mice. Other
hormones including somatostatin and pancreatic polypeptide were also significantly reduced
in pancreas of Glis3-null mice, while the expression of acini-specific genes was not changed
(Kang et al., 2009b). The depletion of β-cells was not due to increased apoptosis, as the
number of apoptotic cells was not changed in the pancreas of Glis3-null compared to wild-
type mice (Kang et al., 2009b; Watanabe et al., 2009). Given that the expression of Pdx1 and
Cpa1 was not changed in the pancreas of Glis3-null compared to wild-type embryos at
E13.5 and E14.5, Glis3 does not appear to play a critical role in early pancreatic progenitor
cell maintenance or development. However, the expression of Ngn3 was significantly
decreased in Glis3-null compared to wild-type pancreas at E15.5, PND0 and PND3 (Kang et
al., 2009b). As Ngn3 is known to be a key transcription factor for the development of
endocrine progenitor cells, these data suggest that Glis3 plays a critical role in the
maintenance or proliferation of endocrine progenitor cells and/or in the specification or
development of endocrine cells, particularly β-cells (figure 3) (Kang et al., 2010).

Hh signaling molecules including Indian hedgehog (Ihh), Desert hedgehog (Dhh), and Ptch1
are expressed in developing pancreas of embryos. A recent study showed that Hh signaling
molecules including Smo, Ptch1, and the downstream effector, Gli, localized to the primary
cilia in pancreatic epithelium and that activated Hh signaling induced the expansion of
ductal and endocrine progenitor cells, suggesting that a certain level of Hh signaling is
required for the development of endocrine cells (Cervantes et al., 2010; Chen et al., 2009;
Tukachinsky et al., 2010). In fact, activation of Hh signaling induced Pdx1-dependent
insulin expression (Thomas et al., 2001; Thomas et al., 2000) and the expression of insulin
was decreased in pancreas-specific Smo-null mice (Lau and Hebrok, 2010). Given that
genes encoding Hh signaling proteins including Ptch1, Smo, Dhh and Ihh, showed similar
expression pattern with Glis3 in islets and ducts of adult pancreas, there could be a
possibility for cross-talk between Hh and Glis3.

Glis-mediated Regulation of Insulin
Many transcription factors involved in pancreatic development also play a critical role in the
regulation of insulin gene expression. For example, Pdx1, NeuroD, MafA, and Pax4/6
regulate the expression of the insulin gene through their binding the A-box, E-box, C-box,
and C2 element of the insulin promoter, respectively (Cerf, 2006; Melloul et al., 2002).
Given the role of Glis3 in β-cell development and that the expression of Ins2 was
dramatically decreased in pancreas of Glis3-null mice at PND3 and in Glis3-null embryos as
early as E15.5, Glis3 may also directly regulate insulin gene expression in mature β-cells
(figure 3).

Ins2 expression in rat insulinoma 832/13 cells is markedly increased by Glis3 over-
expression and decreased when Glis3 is knocked down by siRNA. Furthermore, Glis3 binds
to the mIns2 promoter in these cells as indicated by chromatin immunoprecipitation (Yang
et al., 2009). Indeed, promoter analysis showed that the human INS and mouse Ins2 genes
contain 2 well-conserved GlisBS within 600 base pairs upstream of the transcription start
site. In vitro DNA binding assays and cell-based reporter gene assays provided further
support that Glis3 directly regulates the expression of human and mouse insulin genes
through these 2 GlisBS sequences (Kang et al., 2009b; Yang et al., 2009). Glis2 can bind a
similar GlisBS as Glis3. Glis2 activated the mouse mIns2 promoter in vitro in non-beta cells
through the same 2 GlisBS as Glis3 (Vasanth et al., 2011). Thus, Glis2, which is expressed
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in mouse pancreatic islets, may also play a role in insulin regulation in the mouse pancreas.
Glis2-null mice did not show any diabetic or abnormal pancreatic phenotype; however, it is
possible that Glis3 may compensate for the loss of Glis2 function in pancreas of Glis2-null
mice.

Glis3 is also reported to physically and functionally interact with other known regulators of
insulin gene expression, including MafA, NeuroD, and Pdx1. Glis3 co-immunoprecipitated
with MafA, NeuroD, and Pdx1 in insulinoma 832/13 cells and cell-based reporter assays
indicated that Pdx1 and, to a lesser degree, MafA had synergistic effects with Glis3 on
insulin promoter activity (Yang et al., 2009). Taken together, these results reveal potential
for cross-talk between Glis2, Glis3, and other known regulators of insulin gene expression.
Further examination is required to determine the mechanism by which Glis2 and Glis3 may
directly regulate insulin gene expression.

Even though insulin has been identified as a direct Glis3 target gene, Glis3 may also
regulate insulin expression by indirect mechanisms. The expression of MafA was
significantly decreased in the pancreas of Glis3-null mice at PND3 and in insulinoma 832/13
cells when Glis3 is knocked down by siRNA (Kang et al., 2009b; Yang et al., 2009).
Although MafA is known to regulate the expression of Ins2, MafA-null mice do not exhibit
neonatal diabetes. At an early age, no difference was observed in insulin content in the
pancreas of MafA-null compared to wild-type mice, but MafA-null mice were intolerant to
glucose challenge and developed diabetes with age. In addition, glucose-stimulated insulin
secretion (GSIS) was impaired in the islets of MafA-null compared to wild-type mice
(Zhang et al., 2005). These results suggest that MafA may be more critical for insulin
secretion than insulin production. Abcc8, another gene decreased in PND3 pancreas of
Glis3-null mice, encodes the sulfonylurea receptor 1 (Sur1), which plays a role in the
regulation of insulin secretion (Aguilar-Bryan et al., 1995; Kang et al., 2009b; Koehn et al.,
2008). These results indicate that in addition to its function in the control of insulin gene
expression, Glis3 may also play a role, either directly or indirectly, in regulating insulin
secretion. In addition to the continual investigation into the role that Glis3 plays in insulin
regulation, further research is needed to identify additional Glis3 target genes in order to
elucidate the full scope of Glis3 biological function in the pancreas.

Glis Functions in Other Tissues
Glis1 function in the epidermis

Although Glis1 is expressed in several tissues, the physiological functions of this Glis
family member are still poorly understood (Kang et al., 2010). The characterization of
Glis1-null mice did not reveal any obvious phenotype. In the skin, Glis1 mRNA expression
was detected in the dermal papilla, but not in normal human epidermis (Nakanishi et al.,
2006; Nakashima et al., 2002). However, Glis1 expression was significantly induced in
psoriatic epidermis where its expression was associated with the suprabasal, differentiated
layers. Glis1 is also expressed in mouse skin treated with the tumor promoter phorbol-12-
myristate-13-acetate (PMA) and induced in normal human epidermal keratinocytes (NHEK)
cells in culture by the addition of PMA and IFNγ, both inflammatory mediators and inducers
of epidermal differentiation. The overexpression of Glis1 in NHEK cells resulted in the
increased expression of several markers of epidermal differentiation, including S100
calcium binding protein A9 (S100A9), kallikrein 7 (KLK7), small proline-rich protein
(SPRR), involucrin, and transglutaminase 1 (Nakanishi et al., 2006). The induction of
differentiation markers by Glis1 is consistent with its expression in the suprabasal,
differentiated layers of hyperplastic epidermis. Taken together, these observations suggest
that Glis1 promotes differentiation of epidermal keratinocytes and may play a role in
aberrant epidermal differentiation associated with psoriatic skin.
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Promotion of iPS cell generation by Glis1
A recent study showed that Glis1 is highly expressed in the unfertilized egg and in one-cell
embryos, but is rapidly down-regulated in two-cell embryos and blastocysts (Maekawa et
al., 2011). Moreover, expression of Glis1 was very low in embryonic stem cells (ES) cells.
Maekawa et al. further demonstrated that expression of Glis1 significantly promoted the
generation of induced pluripotent stem (iPS) cells. The generation of iPS cells has been
achieved by the transgenic expression of the transcription factors Oct3/4, Sox2, and Klf4;
however, conversion has been inefficient. Co-expression of Glis1 greatly enhanced the
generation of iPS cells from both mouse and human fibroblasts. Glis1 was shown to
associate with Klf4, Oct3/4 and Sox2 protein complexes. Gene expression profiling showed
that Glis1 induced the expression of several genes that have been reported to enhance iPS
generation, including estrogen-related receptor β (Esrrb), several Wnt ligands, lin-28
homologue A (Lin28a), the homeobox transcription factor Nanog, Mycn, and Mycl1, while
the expression of Myc was suppressed. Interestingly, Glis1 also enhanced expression of
forkhead box A2 (Foxa2), which has been reported to antagonize EMT. Mesenchymal-
epithelial transition (MET) is required for the reprogramming of fibroblasts into IPS cells
(Li et al., 2010). Thus, Glis1 might stimulate somatic cell reprogramming by promoting
MET. These observations indicate that Glis1 enhance iPS generation by inducing several
pro-reprogramming pathways.

Role for Glis2 in neurogenesis
At embryonic day E9.5, Glis2 is expressed in the neural tube, cranial ganglia and dorsal root
ganglia (Lamar et al., 2001). By E10.5, Glis2 is expressed in the intermediate zone of the
hindbrain and spinal cord and in the dorsal root ganglia. A similar pattern of Glis2
expression was observed in the chick embryo in the intermediate zone where newly post-
mitotic neurons are located. In Xenopus, Glis2 expression corresponds to two midline
regions that contain precursors of primary neurons. Overexpression of Glis2 in neuronal
progenitors in the spinal cord of chick embryos was shown to promote the neuronal
differentiation. Likewise, ectopic expression of Glis2 in Xenopus induced the expression of
several neuron-specific markers. Expression of the neurogenin 1 (Ngn1) was shown to
induce Glis2 suggesting that Glis2 functions downstream of Ngn1 (Lamar et al., 2001).
Together, these observations suggest that Glis2 plays a role in the regulation of
neurogenesis.

Glis3 and osteogenesis
A reduction in bone formation leads to reduced bone density and an increased risk of
fractures. Several studies have indicated a role for Glis3 in osteogenesis. Human patients
with aberrant Glis3 expression develop osteopenia with thoracolumbar lordosis and multiple
rib fractures (Dimitri et al., 2011). Moreover, Glis3 was highly expressed in human
osteoblasts and induced during osteoblast differentiation of mesenchymal stem cells (Beak
et al., 2007). Ectopic expression of Glis3 in the multipotent cell line C3H10T1/2 acts
synergistically with bone morphogenic protein 2 (BMP2) to promote osteoblast
differentiation as measured by the increased levels of alkaline phosphatase activity and
osteopontin and osteocalcin expression. In contrast, Glis3 expression inhibited adipocyte
differentiation in C3H10T1/2 cells. Gene expression profiling identified a number of
additional genes that were induced or down-regulated by Glis3 in this cell system.
Interestingly, the expression of fibroblast growth factor 18 (FGF18), which has a positive
role in osteogenesis, was significantly increased. EMSA and reporter gene analysis revealed
that Glis3 regulates FGF18 by binding a GlisBS in proximal promoter region (Beak et al.,
2007). These observations suggest that FGF18 is direct target gene of Glis3 and indicates
that Glis3 is an important modulator of osteogenesis. Interestingly, the primary cilium also
mediates important functions in osteoblast differentiation and normal bone development as
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well as in the generation of osteopenia (Malone et al., 2007; Xiao et al., 2008; Xiao and
Quarles, 2010) Further insights into the role of the Glis3 signaling pathway in osteoblast
differentiation might lead to novel approaches for the treatment of osteoporosis.

Glis3 and hypothyroidism
In addition to diabetes and polycystic kidney disease, patients with aberrant Glis3 expression
also develop congenital hypothyroidism that is accompanied by reduced levels of T3 and T4
and elevated blood levels of thyroid stimulating hormone (TSH) and thyroglobulin (Dimitri
et al., 2011; Senee et al., 2006; Taha et al., 2003). Similarly, hypothyroidism was observed
in Glis3-null mice (Watanabe et al., 2009). About 85% of this disorder is caused by
abnormal thyroid gland development; however, histological examination of thyroid gland of
Glis3-null mice suggested that Glis3 does not affect thyroid gland development. Some
patients responded well to T4 treatment, while others did not. While all patients with Glis3
mutations profiled thus far display thyroid dysfunction, the inconsistent clinical features
make it difficult to establish a causative mechanism. Further analysis is required to
determine whether the development of hypothyroidism is related to mis-regulation of the
hypothalamus-pituitary-thyroid axis and/or involves changes in iodine or thyroid hormone
metabolism.

Glis3 and cancer
Increased Glis3 expression has been detected in several different cancer cell types, while no
links have yet been made between tumorigenesis and Glis1 or Glis2 (Kang et al., 2010).
Increased expression of Glis3 has been reported in ependymomas with high proliferation
indices and poor patient prognosis (Lukashova-v Zangen et al., 2007). Amplification of
Glis3 was observed in proneural glioblastomas (Cooper et al., 2010). Glis3 was also highly
expressed in chromophobe renal cell carcinomas (Yusenko and Kovacs, 2009). Analysis of
the role of Glis3 in cell fate and tumor metastasis could provide additional information
regarding a link between Glis3 expression and cancer progression.

Conclusion
It is clear that Glis transcription factors play a critical role in the regulation of several
physiological processes and are implicated in various pathologies. Mutations in Glis2 have
been linked to NPHP, an end-stage renal disease characterized by renal atrophy and fibrosis.
This appears to involve induction of EMT in tubule epithelial cells. Mutations in Glis3 lead
to the development of diabetes, hypothyroidism, polycystic kidney disease and several other
abnormalities. Glis3 was shown to play a key role in endocrine lineage determination in the
pancreas and is required for β-cell development. In addition, Glis3 has a role in the
regulation of insulin gene expression. Although the consensus GlisBS and several target
genes have been identified, little is known about the proteins that mediate transcriptional
regulation by Glis proteins. Moreover, the mechanisms by which Glis activity is controlled
are not well understood. Several reports have indicated that Glis2 and Glis3 localize to the
primary cilium suggesting that Glis proteins are part of a primary cilium-mediated signaling
pathway. This is consistent with studies showing that loss of Glis2 or Glis3 is linked to
several ciliopathies, such as NPHP and polycystic kidney disease. The activities of Glis
proteins may be regulated by external signals that interact with membrane-bound receptors
in the primary cilium. Reception of such signals may result in a post-translational
modification of Glis proteins and their subsequent translocation into the nucleus where they
regulate the transcription of target genes. Elucidation of the different stages of the Glis
signaling pathway will be crucial to understanding the biological functions of Glis proteins
and to the discovery of therapeutic opportunities for the treatment of diabetes and cystic
kidney disease.
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Figure 1. Schematic representation of Glis1-3 protein structure
The primary structure of Glis proteins and their identified domains are shown (ZFD = zinc
finger domain; TAD = transactivation domain; NCR = N-terminal conserved region that is
shared with GLI proteins). Bold lines represent regions within Glis proteins required for
their interaction with C-terminal binding protein 1 (CtBP1); p120 catenin (p120ctn),
Suppressor of Fused (SuFu), Cullin 3 (Cul3), and transcriptional coactivator with PDZ-
binding motif (Taz) as indicated. The potential phosphorylation site, Serine245, is specified
in Glis2. Numbers indicate the amino acid position.
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Figure 2. Schematic representation of Glis signaling and its role in disease
Glis2 and 3 localize to the primary cilium and defective Glis signaling is associated with the
development of several ciliopathies. (A) An as of yet unidentified upstream signal may
regulate the sub-cellular localization and activation of Glis proteins. During activation in the
primary cilium, Glis proteins may undergo post-translational modifications or proteolytic
processing and upon translocation to the nucleus, regulate the transcription of target genes
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through interactions with Glis binding sites (GlisBS) and transcriptional coregulators (X and
Y). (B) Disruption of Glis signaling in the kidney, pancreas, and thyroid leads to the
development of nephronophthisis and polycystic kidney disease, neonatal diabetes, and
hypothyroidism, respectively.
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Figure 3. Schematic representation of the role of Glis3 in pancreatic cell lineage determination
Pancreatic progenitor cells, expressing Pdx1, Ptf1a, and Cpa1, can differentiate into
exocrine, ductal, and proendocrine cell lineages. The expression of Glis3 is induced during
the second transition of pancreas development and remains highly expressed in endocrine
progenitor cells, ductal cells, and in mature β-cells where Glis3 can regulate insulin gene
expression. In mice, loss of Glis3 inhibits the generation of β-cells and leads to the
development of neonatal diabetes.

Lichti-Kaiser et al. Page 27

Vitam Horm. Author manuscript; available in PMC 2013 October 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


