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Abstract

Glioma-associated oncogene homolog 1 (GLI1) is the nuclear mediator of Hedgehog signaling
that activates gene transcription via its zinc finger DNA-binding and transactivation domains.
GLI1 plays a critical role in several cellular processes, including embryonic development,
tumorigenesis, and tumor growth and progression. The human GLI1 gene was identified in 1987
as an amplified gene in glioblastoma. Somatic mutations have never been reported in the GLI1
gene in any cell or tumor type. Very recently in 2008-2009, the full-length GLI1 transcript was
discovered to undergo alternative splicing to form two shorter isoforms, namely N-terminal
deletion variant (GLI1AN) and truncated GLI1 (tGLI1). Emerging evidence suggests that the
three structurally different GLI1 isoforms are distinctly different in their expression patterns and
functions in the context of human cancers. The tGLI1 isoform, in particular, has been shown to
gain the ability to modulate expression of the genes that are not regulated by GLI1 and to support
the biology of more aggressive cancer. Consequently, a key focus of this chapter is to summarize
and compare the properties of the three GLI1 isoforms and their relations to malignant biology of
human cancers.

[. Introduction

The hedgehog signaling pathway is conserved in both vertebrates and invertebrates and is
linked to a broad array of biological processes most prominently embryonic development
(Ingham et al., 2011), tumorigenesis, and cancer progression (Yang et al., 2010; Zhu and Lo,
2010). Mammalian hedgehog signaling is initiated by three ligands: Sonic Hedgehog (Shh),
Indian Hedghog (Ihh), and Desert Hedgehog (Dhh). Shh is the most potent of the three
ligands (Pathi et al.,, 2001) and is expressed most widely in embryos and adult tissues
(Ingham and McMahon, 2001). Aberrant Shh signaling is implicated in endodermally
derived human cancers that account for up to 25% of human cancer deaths (Lum and
Beachy, 2004). The main effectors of hedgehog signaling in Drosophila and mammals are
Cubitus interruptus (Ci) and the GLI (glioma-associated oncogene homolog) proteins (GLI1,
GLI2, GLI13), respectively. Hedgehog induces GLI protein translocation to the nucleus
where transcription can be induced primarily by GLI1 and/or GLI2 or repressed primarily by
GLI2 and/or GLI3. Via GLI-mediated gene regulation, Hedgehog plays an essential role in
many important cellular processes in normal and cancerous cells. Consequent to the pivotal
role that the Hedgehog pathway plays in tumor growth and progression, extensive efforts
have been invested in the development of Hedgehog-targeted therapy (Ng and Curran, 2011;
Yang et al., 2010). Notably, a small molecule inhibitor of smoothened (SMO), Vismodegib/
GDC-0449, is being evaluated in several clinical trials for cancers (LoRusso et al., 2008;
Rudin et al., 2009; Von Hoff et al., 2009).
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The human GLI1 gene was discovered in 1987 by Vogelstein and colleagues, as an
amplified gene in human glioblastoma multiforme, GBM (Kinzler ef a/., 1987). It was later
found to encode for a zinc finger transcription factor belonging to the Kruppel family of zinc
finger proteins (Kinzler et al., 1988). The clinical importance of GLI1 gene amplification is
still unclear as early studies found low rates of GLI1 amplification ranging from 1.6% to
3.3% occurrence in gliomas (Bigner et al., 1987; Forus et al., 1993; Wong et al., 1987)
whereas a more recent study reported a 22.6% occurrence in gliomas (Rao et al., 2010).
Other cancers were observed to have varying ranges of occurrences for GLI1 amplification
with the highest occurrence of 28% in rhabdomyosarcomas (Gordon et al., 2000).
Amplification of the GLI1 gene has been shown to result in increased GLI1 gene expression
(Reifenberger et al., 1994).

Somatic mutations have never been reported in the GLI1 gene in any cell or tumor type,
unlike other components of the Hedgehog pathway that contain somatic mutations such as
Shh, patched (PTCH), SMO, suppressor of fused (SUFU), GLI2, and GLI3 (Kang ef al.,
1997; Radhakrishna et al., 1997; Raffel et al., 1997; Roessler et al., 1996; Xie et al., 1998).
Very recently in 2008 and 2009, the full-length GLI1 transcript was found to undergo
alternative splicing to form two shorter isoforms, namely N-terminal deletion variant
(GLI1AN) identified by Shimokawa et a/. (2008) and truncated GLI1 (tGLI1) identified in
our laboratory (Lo et al,, 2009). While both GLI1 variants are under intensive investigations
for their properties and functions, emerging evidence indicates that the three GLI1 isoforms
differ in their expression patterns and their ability to regulate gene activation. In comparing
tGLI1 to GLI1, our results indicated that although they display some overlapping properties,
the two isoforms demonstrate distinctly different functions by regulating different sets of
target genes (Cao et al, 2012; Lo et al., 2009). These differences may lead to their unique
differences in mediating cellular processes important to tumor behaviors such as
proliferation, migration, invasion, angiogenesis, and metastasis. To provide a comprehensive
review of the GLI1 isoforms in relation to human cancers, we will summarize the structures
and biochemical properties of the three GLI1 isoforms (Section I1), provide an overview of
the regulation of the GLI1 isoforms by the canonical and noncanonical signaling pathways
(Section 111), and compare the malignant phenotypes of human cancers that can be
modulated by the GLI1 isoforms (Section 1V).

Il. Structures and Properties of GLI1 Isoforms

A.GLI1

The human GLI1 gene was identified in 1987 by Vogelstein and colleagues (Kinzler et al.,
1987). In this study, the investigators found evidence of gene amplification in a human
GBM cell line and mapped the gene to chromosome 12 (12913-14.3). The gene locus did
not correspond to already well-known oncogenes such as MYC or RAS, or other oncogenes
known to be located on chromosome 12. Subsequently, the amplified gene was named as
GLI for the glioma tumor in which it was discovered. The GLI gene was later mapped, more
specifically, to 12913.3-14.1 (Arheden ef a/., 1989). The GLI gene was found to contain
3318 bp as part of the open reading frame that predicted a 1106-residue protein with a
calculated molecular mass of 118kDa (Kinzler ef al., 1988). The encoded protein was
detected by immunoblotting soon afterward and observed to migrate as a 150kDa protein
(Kinzler and VVogelstein, 1990). It was later concluded that the discrepancy between
calculated and apparent molecular mass was likely due to the intrinsic amino acid sequence
as the GLI1 protein synthesized from /n vitro translation migrated similarly as the 150kDa
GLI1 protein isolated from the cells.

The GLI1 protein contains five successive repeats of a zinc finger DNA-binding consensus
sequence (Fig. 6.1A). It was determined that the GLI1 protein belongs to the Kruppel family
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of zinc finger proteins as it contained the H-C link between zinc fingers common to this
family of transcription factors. This finding defined GLI1 as the first human member of the
Kruppel family of proteins (Kinzler er al,, 1988). GLI1 was detected in the nuclei of the cells
of cancer cell lines, xenografts, and primary tumor tissue, which is consistent with its
structure being that of a zinc finger transcription factor (Kinzler and VVogelstein, 1990). In
the nucleus, the GLI protein binds to a 9-bp DNA sequence of 5'-GACCACCCA-3’. Later
analysis of GLI-DNA binding found that only fingers 2-5 bind to the major groove of DNA
wrapping around for a full helical turn with fingers 4-5 having the most contact (Pavletich
and Pabo, 1993). It was also reported that finger one does not even contact DNA but rather
has protein—protein interaction with finger two. These early studies characterized the GLI
gene to encode for a zinc finger transcription factor and upon discovery of GLI2 and GLI3,
this original GLI gene was termed GLI1.

In 2008, Shimokawa et a/. reported the existence of a splice variant of GLI1 that has 128
amino acids deleted from the N-terminus as a result of splicing exon 1 directly to exon 4
(Shimokawa et af., 2008). Due to the deletion of this region from the N-terminus, this
variant was termed GLILAN (Fig. 6.1B). Primary functional domains remained intact in the
GLI1AN variant include the zinc finger domains, the transactivation domain, the nuclear
localization signal (NLS), and the nuclear export signal. The SUFU-binding site was lost in
GLI1AN. Notably, the SUFU-binding domain in the GLI1 protein interacts with
cytoplasmic SUFU complex and consequently, is sequestered in the cytoplasm (Kogerman
et al., 1999). In contrast to the prediction that GLIZAN would be enriched in the nucleus
because of the loss of SUFU-binding domain, GLI1AN showed a weakened ability to
translocate into the nucleus, which leads to weaker activation of GLI1 target genes such as
GLI1 and PTCH. Further, GLILAN was detected in several cancer cell lines derived from
human tumors as well as in human embryonic kidney cells indicating it may have relevance
in human tissues (Shimokawa ef a/., 2008). Our study showed that GLI1AN is undetectable
in GBMs (Lo ef a/., 2009). The significance of GLIZAN in normal physiology and cancer
biology is still largely unknown and remains to be defined.

In 2009, our laboratory reported the discovery of tGLI1 when analyzing cell lines and tumor
tissue of GBM (Lo et al., 2009). As summarized in Fig. 6.1C, tGLI1 is a product of
alternative splicing that lacks 41 amino acids corresponding to the entire exon 3 and part of
exon 4 of the GLI1 gene. Analysis of the GLI1 gene in GBM cell lines and normal
peripheral lymphocytes found no somatic abnormality in the GLI1 gene. tGLI1 retains all
the known functional domains present in full-length GLI1, including the zinc finger
domains, transactivation domain, NLS, degrons signals, and the SUFU-binding domains. In
line with the preservation of these functional domains, tGLI1 retains its ability to
translocalize into the nucleus, transactivate GLI1 binding sites and activates expression of
PTCHL1, a GLI1-regulated gene. Like GLI1, tGLI1 responds to Shh stimulation (Lo et al.,
2009).

The expression pattern of tGLI1 is significant in the context of human cancers because
currently available evidence suggests that tGLI1 is expressed in a tumor-specific fashion
(Cao eral, 2012; Lo et al., 2009). For example, tGLI1 is highly expressed in cell lines and
primary specimens of GBM but not in normal brain tissues and other normal tissues (Lo ef
al., 2009). More recently, we further reported that tGLI1 is frequently expressed in breast
cancer cell lines and primary tumors but rarely in normal mammary tissues (Cao et al,
2012). This pattern of expression for tGLI1 is distinctly different than those of GLI1 and
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GLI1AN, which are expressed in both normal and cancer cells (Cao et al,, 2012; Lo et al.,
2009; Shimokawa et al., 2008).

Notably, the molecular weight difference between the tGLI1 and GLI1 proteins is only
about 4.5kDa, which makes it difficult to distinguish the two isoforms using immunoblotting
(146kDa for tGLI1 and 150kDa for GLI1). Commercially available antibodies appear to
recognize both isoforms (Cao et al., 2012; Lo et al., 2009). These technical limitations may
have contributed to the inability to uncover the existence of tGLI1 for more than 20years
after the 1987 discovery of the GLI1 gene. These notions also suggest that some of the
known GLI1 functions may be attributed to tGLI1 but not GLI1. Evidence supporting this
speculation will be discussed in detail in Section IV. Importantly, we have recently
optimized a gel electrophoresis condition that can effectively resolve the GLI1 and tGLI1
proteins (Cao et al.,, 2012). Although the combination of transcript analysis (by RT-PCR and
DNA sequencing of the PCR product) with protein analysis (by gel electrophoresis followed
by immunoblotting) adequately and accurately distinguish tGLI1 from GLI1, it is
recognized that a tGLI1-specific antibody is needed to selectively detect the tGLI1 protein
but not GLI1, in order to help further decipher the functions of the two isoforms and to gain
a greater understanding of the long overlooked tGLI1 isoform. In Section IV, we will
discuss in detail the transcriptional functions of tGLI1 and its ability to modulate several
important malignant phenotypes of human cancers, including growth, migration, invasion,
and angiogenesis.

lll. Regulation of GLI1 Isoforms by Canonical and Noncanonical Pathways

A. Canonical pathway

Canonical Hedgehog signaling is initiated by binding of the ligand Shh to the 12-
transmembrane receptors PTCH 1 and 2 (Fig. 6.2A). Shh binding to PTCHproteins relieves
constitutive PTCHrepression of the 7-transmembrane protein receptor SMO. Activation of
SMO leads to the release of GLI1 from SUFU-mediated cytoplasmic sequestration and to
GLI1 nuclear translocalization (Kogerman ef a/., 1999). SMO also increases levels of full-
length GLI2/3, which proceeds to induce transcription of GLI1. GLI1 acts on many target
genes to regulate several physiological processes and its aberrant activity causes several
pathologies including tumor progression.

GLI1 nuclear translocation and induction of transcription is further controlled by Shh
pathway proteins. SUFU was cloned in 1999 as a 484 residue protein (Kogerman et al.,
1999). SUFU physically interacts with GLI1 and the interaction traps GLI1 in the cytoplasm
and prevents it from translocating into the nucleus. Expression of a GLI1 mutant that is
constitutively localized to the nucleus also showed SUFU directly interacted with GLI1
while in the nucleus and reduced GLI1-mediated transcriptional activity (Kogerman et al.,
1999). It was later discovered that SUFU forms a complex with SAP18 and mSin3, a
transcription corepressor, and this complex directly binds GLI1 on DNA to repress GLI1-
mediated transcription (Chen et al., 2002). While SUFU negatively regulates GLI1, the dual
specificity Yakl-related kinase Dyrk1 appears to potentiate GLI1 activity. Dyrk1
phosphorylates GLI1 at multiple serine/threonine sites and induce nuclear accumulation of
GLI1 (Mao et al.,, 2002). This study also showed that Dyrk1 enhances transcription by a
mutant GLI1, which is constitutively localized to the nucleus, indicating Dyrk1 can enhance
the process of GLI1-mediated transcription and not only nuclear localization.

Canonical hedgehog signaling is critical for Shh-induced patterning during embryonic
development. For example, Shh-GLI1 signaling mediates the induction of floor plate cells in
the posterial neural tube (Lee ef al., 1997). Shh-GLI1 signaling also directly induced
transcription of HNF-3p, a winged-helix transcription factor that mediated expression of
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floor plate differentiation in mice (Sasaki ef a/., 1997). Shh-GLI1 signaling also regulates
pathological processes, most notably several cancer types (Kasper et al., 2006). Mutations in
SMO, PTCH1, and SUFU have been reported and were associated with formation of cancer
(Taylor et al.,, 2002; Villavicencio et al.,, 2000). The role of GLI1 in hedgehog-associated
tumorigenesis is still not well understood with mixed results being reported (Kimura et al.,
2005; Villavicencio et al., 2000).

Limited information is available in the regulation of GLI1AN and tGLI1. What is known is
that Shh upregulates GLI1AN to a similar level as GLI1 (Shimokawa et a/., 2008). It is also
known that tGLI1 responds to Shh stimulation to a similar extent as GLI1, as reported in our
study (Lo et al., 2009). However, the role of SUFU in regulating the cytoplasmic-nuclear
shuttling of GLIZAN and tGLI1 is still not well understood. GLILTAN does not retain the N-
terminal SUFU-binding domain, suggesting that its nuclear import may be regulated by the
C-terminal SUFU-binding domain or by other means (Shimokawa ef a/., 2008). It is yet to
be investigated whether tGLI1 interacts with SUFU, although it is expected that tGLI1 will
associate with SUFU since tGLI1 retains the SUFU-binding domains. Also uninvestigated
are the stability of GLIZLAN and tGLI1 and their relationships to other components of the
Hedgehog pathway such as SMO, GLI2, and GLI13. Taken together, future efforts are
required to elucidate the regulatory role that the Hedgehog-PTCH-SMO signaling axis plays
in GLI1AN and tGLI1.

B. Noncanonical pathway

Canonical activation of the Shh—PTCH-SMO pathway had been thought to be the primary
mechanism for control of GLI1. However, evidence continues to accumulate that GLI1 can
also be regulated by other signaling pathways and proteins outside of the canonical Shh—
PTCH-SMO pathway (Fig. 6.2B). Elucidation of these pathways could potentially be
important for treatment strategies as redundant regulation of GLI1 could lead to cancers that
develop resistance to Shh-targeted therapies.

Gastric cancer patients showed a positive correlation between activation of ERK and PTCH
expression, a GLI1 gene target (Seto ef al., 2009). Expression of K-Ras increased GLI-
induced transcription, which was suppressed by a MEK inhibitor. The effect of K-Ras-MEK
signaling on GLI1 is independent of SUFU as knockdown of SUFU did not alter K-Ras
induction of GLI1 (Seto et al., 2009). Further, suppression of GLI1 inhibits cell
transformation induced by K-Ras overexpression ( Ji et al., 2007). Perhaps the strongest
evidence that Ras can control GLI1 is that mice overexpressing K-Ras, which induces
pancreatic adenocarcinoma, strongly expressed GLI1 and PTCH despite the fact that these
mice lack the SMO gene (Nolan-Stevaux et al., 2009). Suppression of GLI1 in cancer cells
isolated from these mice showed reduced indices of cell transformation and decreased K-
Ras indicating positive feedback between GLI1 and K-Ras. Thus, the Ras-MEK-ERK
pathway has the ability to regulate GLI1. Despite clear evidence for this regulation, the
mechanism by which Ras—MEK regulates GLI1 levels has still not been discovered.

Another pathway that has recently gained attention for GLI1 regulation is the TGF--Smad
pathway. Mice overexpressing TGF-p in the epidermis also overexpress GLI1 (Dennler et
al., 2007). TGF-B treatment induces cellular expression of GLI1 that was independent of the
SMO inhibitor cyclopamine (Dennler et al., 2007). Further, knockdown of Smad4 or Smad3
in these cells prevented GLI protein induction by TGF-f. The mechanism of GLI1 induction
by TGF-B was further elucidated when loss of GLI2 prevented induction of GLI1 by TGF-p
(Dennler et al., 2007). Adding to this, the GLI2 gene was found to have a TGF-f-responsive
region (Dennler et al,, 2009). Thus, it appears that TGF-B directly induces GLI2, which then
promotes GLI1 production. Results also show pancreatic adenocarcinoma cells with
enhanced GLI expression, but are resistant to cyclopamine, are sensitive to TGF-f inhibitors
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or GLI2 inhibition (Dennler et al., 2007). Since GLI1 expression can be controlled by GLI12
in response to TGF-B, it stands to reason that the tGLI1 and GLI1AN variants should be
inducible by GLI2 in order to be responsive to TGF-f. However, exactly what drives
expression of these variants is still unknown.

There is recent evidence to suggest the p53 tumor suppressor also can regulate GLI1.
Intracranial tumor development in mice was seen to increase with p53 knockdown or with
increased GLI1 expression but tumors growth was synergistic when both p53 was
suppressed and GLI1 expression increased (Stecca and Ruiz i Altaba, 2009). Increasing p53
levels in these tumor cells by oxaliplatin treatment decreased cell proliferation, which was
rescued by enhancement of GLI1 levels. Similarly, expression of a p53 dominant negative in
frog embryos induced tumor formation that could be rescued with GLI1 suppression (Stecca
and Ruiz i Altaba, 2009). Further, p53 knockdown decreased GLI1-induced transcription
while p53 overexpression reduced GLI1-induced transcription. These data clearly indicate
an inhibitory loop between GLI1 and p53. Another study found that GLI1 enhanced MDM2
interaction with p53, which led to p53 degradation indicating an indirect regulation by GLI1
(Abe et al., 2008). The mechanism of GLI1 regulation by p53 was not assessed and could be
direct or indirect. Since GLI1 regulates p53 via its physical association with MDM2, it is
difficult to predict whether tGLI1 and/or GLI1AN have influence on MDM2-p53 because it
is not known whether the deletions within the two isoforms have an impact on their ability
to interact with MDM2. In the case of tGLI1, we speculate that it may interact with proteins
and promoter sequences in a different fashion compared to GLI1. This speculation is built
on our findings showing that tGLI1, but not GLI1, binds to the promoters of CD24 and
VEGEF-A genes (Cao et al.,, 2012; Lo et al., 2009).

Signaling through the PI3BK-AKT pathway appears to participate in GLI1 regulation, but
perhaps not independent of Shh signaling. GLI1-induced transcription can be enhanced by
IGF-1, which activates PI3K-AKT signaling, and Shh-induced GLI1 can be inhibited with
PI3K inhibitors (Riobo et al., 2006). However, activation of PI3K signaling by IGF-1 could
not induce GLI-mediated transcription independent of Shh. AKT knockdown reduced Shh-
induced transcription by GLI1. Another study found that inhibition of PI3K signaling
reduced cell proliferation induced by ectopic GLI1 expression (Stecca et al., 2007). This
study showed PTEN, an endogenous inhibitor to PI3K signaling, could inhibit GLI1 nuclear
localization and transcription. Evidence indicates a clear role for PI3K-AKT signaling in
Shh-induced GLI1 but the precise mechanism for this regulation has not been made clear.
Regulation of tGLI1 or GLILAN by PI3K-AKT signaling is unknown.

Protein kinase A (PKA) negatively regulates GLI1. The first evidence of PKA-mediated
negative regulation of GLI1 came from expression of dominant-negative PKA in mouse
embryos leading to effects that mimic GLI1 hyperactivation (Epstein et a/., 1996). More
direct evidence showed that activation of PKA by forskolin resulted in an alteration of GLI1
localization from the nucleus to the cytoplasm (Sheng et a/., 2006). PKA phosphorylates
GLI1 at Thr374, which when mutated to valine prevented PKA-induced cytoplasmic
localization (Sheng et al., 2006). Threonine 374 is adjacent to the NLS on GLI1. The
phosphorylation-mimicking Thr374Asp mutant is sequestered in the cytoplasm. Consistent
with these findings, activation of PKA decreased GLI1-mediated transcription indicative of
GLI1 cytoplasmic localization. PKA negative regulation of GLI1 has also been shown
previously in the context of embryonic development in which PKA inhibition led to
hyperproliferation in several brain areas resulting in malformations (Epstein et al/., 1996).
Although PKA likely retains the ability to phosphorylate both tGLI1 and GLI1AN as
Thr374 is present in both variants, this has not been established by experimental evidence.
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PKC-a was found to enhance GLI1-mediated transcription in a MEK-dependent manner
whereas PKC-6 inhibited GLI1-mediated transcription (Cai et a/., 2009). GBM neurospheres
that are resistant to Notch inhibitors were found to have increased GLI1 levels as the Notch
target gene Hes1 directly interacted with the GLI1 promoter suggesting these cells become
resistant by Notch-induced activation of GLI1 (Schreck et a/., 2010). GLI1 expression can
also induce phosphorylation of ERK2 that is dependent on PDGFR-a., which is a direct
GLI1 target (Xie et al, 2001). In these cells, inhibition of MEK-ERK2 signaling or
neutralizing antibodies to PDGF-A reduced enhanced proliferation rates due to GLI1
expression (Xie et al, 2001). Breast cancer cells exposed to 17p-estradiol displayed
increased GLI1 levels that could be prevented with an estrogen receptor-a. (ER-a) inhibitor
(Xu et al., 2010). The potential for these pathways to regulate tGLI1 or GLI1ZAN levels,
nuclear localization, or transcriptional activity is unclear as there is not currently a
mechanism for how many of these noncanonical pathways influence GLI1 expression or
activity.

GLI1 protein stability can be regulated by the noncanonical pathways. The GLI1 protein has
two degron degradation signals with one on the N-terminus and the other on the C-terminus.
The C-terminal degron signal within GLI1 had the motif of DSGVEM (Huntzicker et af.,
2006), which is a consensus sequence recognized by the E3 ubiquitin ligase BTrCP ( Jiang
and Struhl, 1998). Increased BTrCP expression resulted in decreased GLI1 protein levels
(Huntzicker et al., 2006). GLI1 was seen to immunoprecipitate with TrCP in a manner
dependent on the presence of the DSGVEM motif. In addition, ubiquitinylated GLI1 was
immunoprecipitated with TrCP whereas mutation of the DSGVEM motif resulted in no
detectable ubiqutinylated GLI1 (Huntzicker et al., 2006). Further deletion of residues 51—
116 on the N-terminus of GLI1 resulted in further stabilization beyond that provided by
deletion of the C-terminal degrons signal indicating an N-terminal degron was likely
present. However, the N-terminal degrons signals were not affected by BTrCP or by SUFU
suggesting an alternative method of degradation by this degron signal (Huntzicker et a.,
2006). The importance of GLI1 protein stability controlled by these degron signals was
illustrated in this same study by mice expressing GLI1 mutants. Mice expressing double
mutants where both degrons were inactivated displayed a more severe phenotype of basal
cell carcinoma compared to single mutants. The tGLI1 variant, although lacking several
residues, is not missing residues in either degron signal and would not be expected to have
altered degradation compared to GLI1. However, GLIZAN has lost the N-terminal degron
signal but protein stability was not assessed in the one study examining this variant
(Shimokawa et af., 2008).

IV. GLI1 Isoforms and Malignant Phenotypes of Cancer

GLI1 overexpression has been reported in normal tissues and also cancerous tissues,
including those of GBM (Cui et al., 2010; Lo et al., 2009), hepatocellular carcinoma (Huang
et al., 2006), gastric adenocarcinoma (Ma et al., 2005), esophageal cancer (Ma et al., 2006),
breast cancer (Cao et al,, 2012; ten Haaf et al., 2009), melanoma (Das et a/., 2009),
rhabdomyosarcoma (Roberts et al., 1989), and pancreatic adenocarcinoma (Nolan-Stevaux
et al., 2009). Similar to GLI1, GLIZAN appears to be expressed in both normal and
cancerous cells (Shimokawa et a/., 2008). Currently available evidence suggests that tGLI1
is expressed in a tumor-specific fashion, at least in the two tumor types (GBM and breast
carcinoma) examined to date (Cao et al, 2012; Lo et al., 2009). In line with the difference in
expression patterns, the GLI1 and tGLI1 isoforms have been found to display overlapping
and also distinctly different tissue- and tumor-specific functions (Fig. 6.3). In some
instances, they differ in their ability to regulate expression of the genes that are important
modulators of malignant phenotypes of human cancers, including proliferation, migration
and invasiveness, progression, angiogenesis, cancer stem cell renewal, and drug resistance.
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A. Proliferation

B. Migration

A major characteristic of cancer cells is an enhanced ability for cell division leading to
uncontrolled proliferation. GLI1 has a proliferative-promoting effect when expressed in
neural cells, evidenced by studies of GLI1 in the context of both cancer and embryonic
development. For example, mice with Shh mutants leading to decreased GLI1 levels have
brains with decreased proliferation (Dahmane et al., 2001). This same study found GLI1
could induce formation of several hyperplasias throughout the neural tube when GLI1 RNA
was injected into tadpoles. Similarly, ectopic expression of GLI1 in embryonic mouse brain
regions resulted in outgrowths of neural tissue (Hynes ef al., 1997; Stecca and Ruiz i Altaba,
2009). The opposite also holds true in that inhibition of GLI1, either by cyclopamine or
SiRNA targeting, greatly reduces proliferation and tumor size (Clement et a/.,, 2007; Wang et
al., 2010). GLI1 has a similar effect on brain progenitor cells as GLI1 expression caused
formation of tumor-like hyperplasia in the thalamus and cerebellum (Stecca and Ruiz i
Altaba, 2009).

GLI1 expression in epithelial cells can induce cell transformation characterized by increased
proliferation and anchorage-independent proliferation (Kimura et al., 2005; Li et al., 2006;
Yoon et al., 2002). This is specific to GLI1 or GLI2 as GLI3 had no such effect (Kimura et
al., 2005). These effects have been recapitulated /7 vivoas GLI1 induction in mouse
epidermis led to hyperproliferative skin lesions (Li et a/, 2006). In other epithelial cell
types, GLI1 targeted expression in mammary glands led to mammary hyperplasia and tumor
formation (Fiaschi et al., 2009). Interestingly, GLI1 was driven by a doxycycline promoter
in this study and removal of doxycycline after GLI1 induction did not reduce mammary
tumors, suggesting other cellular factors could replace GLI1 in sustaining tumor growth. In
contrast, specific knockdown of GLI1 in inflammatory metastatic breast cancer cells
resulted in decreased proliferation and increased apoptosis (Thomas et a/., 2011). These data
indicate GLI1 can induce a proliferative cell phenotype that can lead to tumor formation but
may not be required for maintenance of a cancer phenotype in mammary tumors.

However, it is worth noting that siRNA-targeted expression knockdown would have
silenced expression of both GLI1 and tGLI1, thus making it difficult to conclude that the
growth inhibition is attributed to GLI1 suppression. This is a valid point as our studies have
shown that tGLI1 may have stronger growth-stimulating effects on breast cancer cells (Cao
et al,, 2012). Using isogenic MDA-MB-231 cell lines stably expressing GLI1, tGLI1, or
control vector, we observed that the cells with tGLI1 expression underwent significant
anchorage-dependent and -independent growth than those with GLI1 and control cells (Cao
et al, 2012). In the two GBM cell lines, we had examined to date, tGLI1 and GLI1 appeared
to have similar effects on cell proliferation (Lo ef a/,, 2009). Our most recent, unpublished
results indicate that the /n vivo growth of a GBM cell line, U87MG, was greatly enhanced
by tGLI1 expression and to a lesser extent, by GLI1. The discrepancy between the in vitro
and /n vivo effects of tGLI1 on GBM growth is likely due to tumor microenvironment such
as tumor vasculature.

GLI1AN did not have any significant impact on cell proliferation despite its ability to
activate a similar gene set to that of GLI1 (Shimokawa ef af., 2008). However, the induction
of target genes by GLI1AN was significantly weaker than that of GLI1, indicating that
GLI1AN may not be a strong promoter of cell proliferation. The ability of GLITAN to
regulate /n vivotumor growth is presently unknown.

and invasiveness

Melanomas have been shown to express increased levels of GLI1 and osteopontin, along
with enhanced ability to migrate, invade, and develop tumor xenografts and lung metastases
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(Das et al., 2009). This study found that osteopontin was a direct target of GLI1 and loss of
either GLI1 or osteopontin resulted in decreased cell migration, invasion, and tumor growth,
and reduced numbers of lung metastases. In breast cancer, increased GLI1 expression
promotes cell motility (Thomas et al,, 2011). Conversely, cyclopamine decreased the ability
of melanoma cells to form lung metastases (Stecca et a/., 2007), and also reduced
invasiveness of prostate cancer cells (Sheng et al., 2004). In line with these findings, GLI1
has been shown to positively correlate with tumor grade and even lymph node status
indicating it may play a role in progression of tumors toward metastasis (Stein et al., 1999;
ten Haaf et al, 2009; Wang et a/., 2010). Further, high GLI1 expression resulted in a less
favorable prognosis (ten Haaf et a/., 2009).

In light of the high homology between GLI1 and tGLI1, and the inability of antibodies and
SiRNA to selectively recognize tGLI1 versus GLI1, the reported positive correlations
between GLI1 and tumor cell migration, invasion, and metastasis could be due to both GLI1
and tGLI1, or to a greater extent to tGLI1. This speculation is based on our results showing
that tGLI1-expressing GBM and breast cancer cells migrated and invaded in significantly
higher rates than those with GLI1 and control cells (Cao et al., 2012; Lo et al., 2009). When
implanted in the flanks of nude mice, tGLI1-expressing GBM xenografts underwent a
greater extent of infiltration into the skeletal muscles than those with GLI1 (Lo et a/., 2009).
In elucidating the molecular mechanisms underlying tGLI1-mediated migration and
invasion, we conducted DNA microarray to compare the gene expression profiles of three
isogenic U87MG GBM cell lines with control vector, GLI1 and tGLI1 (Lo et al,, 2009). The
results showed 75 genes to be expressed at a significantly higher level and 26 genes to be
more suppressed in U87MG-tGLI1 cells compared to U87MG-vector and U87TMG-GLI1
cells. Interestingly, the levels of well-known GLI1 target genes such as PTCH1 were higher
in both UB7MG-GLI1 and U87MG-tGLI1 cells compared to U87MG-vector cells.
Importantly, the results of DNA microarray led us to identify and subsequently validate
CD24 as a tGLI1-targeted gene and an important gene essential for tGLI1-associated
migration and invasiveness in GBM cells. Notably, CD24 has been shown to recruit
adhesion molecules to lipid rafts, thereby contributing to tumor cell migration,
dissemination, and metastasis (Baumann ef a/., 2005; Runz ef a/., 2008). In addition to
CD24, our results further indicated that tGLI1 induces expression of two invasion-associated
genes, namely MMP-2 and MMP-9 (Cao et al., 2012). Ongoing efforts are investigating the
role of tGLI1 in tumor metastasis, the leading cause of death for most cancers.

C. Epithelial-mesenchymal transition

Development of an invasive cell phenotype with enhanced ability for migration is necessary
for progression to metastasis. In epithelial tumors, this is often accompanied by a
dedifferentiaion program termed epithelial-mesenchymal transition (EMT), most notably
characterized by loss of E-cadherin and increases in Snail, Twist, Vimentin, and other
mesenchymal markers (Lo et al., 2007). There is also evidence that GLI1 may mediate EMT
by increasing expression of Snail and repression of E-cadherin (Li ef a/., 2006; Louro et al.,
2002). Expression of a dominant negative of Snail in GLI1-transformed epithelial cells
decreased the ability of these cells to grow independent of attachment and led to increased
E-cadherin levels (Li et al,, 2006). This likely indicates GLI1 regulates EMT by induction of
Snail and results were confirmed /n vivo as targeted GLI1 expression in mouse epidermis
caused hyperproliferative skin lesions along with increased Snail expression (Li et al.,
2006). GLI1 has shown differing effects on E-cadherin as one study found GLI1 promoted
E-cadherin redistribution toward the cell membrane (Neill et a/., 2008) and another found
increased E-cadherin expression induced by GLI1 (Liao et a/., 2009). Despite showing
increased E-cadherin, this last study also found increased expression of vimentin and Snail
along with cells that had a greater capacity for proliferation, migration, and invasion (Liao et
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al., 2009). Inhibition of GLI1 in these cells with cyclopamine decreased proliferation,
invasion, migration, E-cadherin expression, and Snail expression. This suggests GLI1 had a
profound effect on the phenotype but perhaps did not induce a full EMT change. The impact
of tGLI1 on EMT is still unknown.

D. Cancer stem cells

Cancer stem cells are thought to control tumor development and progression. In addition,
cancer stem cells are thought to have limitless proliferation potential and mediate drug
resistance. Stem cells are characterized by the presence of undifferentiated cell markers such
as CD133 or Nestin. Considering that GLI proteins play a significant role in embryonic
development and differentiation, it has been investigated whether GLI1 expression is
associated with cancer stem cells.

Cells derived from GBM are found to express NANOG, a transcription factor that
participates in regulation of self-renewal in stem cells (Zbinden et a/., 2010). These cells
show the ability to form gliomaspheres, which is exclusive to non-differentiated cells.
NANOG appears to control the “stemness” of these cells as downregulation of NANOG
reduced proliferation and the ability of these cells to form gliomaspheres and tumors.
NANOG was found to be enriched in CD133* cells along with GLI1, GLI2, Nestin, and
OCT4. Loss of NANOG also resulted in decreased GLI1, Nestin, and OCT4 indicating a
loss of stem cell markers. Enhancement of GLI1 levels by PTCH knockdown results in
increased NANOG levels, which control the stemness and tumor formation abilities of these
cells (Zbinden et al., 2010). Overexpression of GLI1 in normal mice brains also induces
expression of stem cell markers such as SOX2, Nestin, Promininl, and Bmi-1 that is
accompanied by hyperproliferation and brain outgrowths (Stecca and Ruiz i Altaba, 2009).
GLI1 is also involved in maintaining the stem cell phenotype in other cell types. Mammary
stem cells form mammospheres and are enriched with greater than 20-fold higher levels of
GLI1 compared to differentiated mammary cells (Liu et a/, 2006). Shh enhanced
mammosphere formation whereas cyclopamine suppresses mammosphere formation, further
suggesting Shh signaling plays a role in the stem cell phenotype. For direct evidence for a
role of GLI1, overexpression of GLI1 or GLI2 enhances the ability of these cells to form
mammospheres (Liu et al.,, 2006). These data indicate the Shh pathway, and GLI1 in
particular, play a significant role in cancer cells with stem-like characteristics. Future
investigations are required to determine if some of the reported GLI1 activity is attributed to
both tGLI1 and GLI1, or exclusively to tGLI1 or GLI1 alone.

The role of tGLI1 or GLILAN in cancer stem cell marker expression or stem cell renewal
has not been assessed. GLIZAN appears to have weaker transcriptional activity than GLI1
(Shimokawa et al., 2008) and likely will contribute to a stem cell phenotype to a lesser
extent than GLI1. However, tGLI1 has a stronger ability to activate multiple genes
compared to GLI1 including VEGF-A (Cao et al., 2012) that has been linked to stem cell
phenotype (Oka et al., 2007; Ricci-Vitiani et al., 2010). In addition, cells expressing tGLI1
appear to have greater capabilities for migration and invasion, characteristics cancer stem
cells purportedly have.

Our results indicate that CD24 is a transcriptional target of tGLI1, but not GLI1, in GBM
and breast cancer (Cao et al., 2012; Lo et al., 2009). This finding is in agreement with our
results showing that tGLI1 enhanced the propensity of cancer cells to migrate and invade
both /n vitro and in vivo. In line with our observations, CD24 has been shown to be involved
in cancer cell motility, invasion, and metastasis (Baumann et a/., 2005; Kristiansen et al.,
2003; Runz et al., 2008) and shortened patient survival (Kristiansen ef a/., 2003; Lee et al,
2009). Also consistent with these reports are the facts that CD24 recruits adhesion molecules
to lipid rafts (Runz et al., 2008) and that CD24 indirectly stimulates cell adhesion to
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fibronectin, collagens I/1V, and laminin through the activation of integrins (Baumann et al.,
2005). Interestingly, several studies have shown that some breast cancer-initiating stem cells
display the characteristic of being low/negative for CD24 expression but high for CD44 (Al-
Hajj et al., 2003; Kim et al,, 2007). This notion is not in agreement with our results showing
that tGLI1 expression enables MDA-MB-231 cells to grow in an anchorage-independent
fashion, a property commonly displayed by cancer stem cells. In support of our results, a
recent report, however, showed that CD24 does not define breast cancer stem cells (Meyer
et al, 2010). Also in agreement with our results, another recent study reported that
pancreatic cancer stem cells demonstrate the CD44+CD24+ESA+phenotype (Li et al.,
2007). In support of these notions, it has been suggested that the role of CD24 in cancer
stemness may be tissue-specific (Keysar and Jimeno, 2010). Clearly, more work is needed to
define the role that CD24 plays in both cancer progression and stem cell biology. Also
needed is future research into the role of tGLI1 in mediating cancer stem cell properties will
be interesting considering tGLI1 is expressed in multiple human cancers including GBM
and breast cancers (Cao et al,, 2012; Lo et al., 2009). More significantly, tGLI1 could be
mistakenly detected as GLI1 by RT-PCR or western blotting.

E. Angiogenesis

Tumor growth beyond 2mm in diameter requires angiogenesis in order for tumors to receive
nutrients and remove wastes to survive (Bergers and Benjamin, 2003). Angiogenesis is
regulated by the balance of proangiogenic factors (e.g., VEGFs) and anti-angiogenic factors
(e.g., Tsp-1). Tumor cells alter this balance by secreting proangiogenic factors, which draws
growing microvessels toward the tumor in order to retrieve nutrients and discard wastes.
Turning on the angiogenic switch is a crucial point in the progression of tumors toward
metastasis as angiogenic tumors greatly increase the pace of tumor growth. In addition to
increasing the rate of tumor growth, angiogenesis increases vascular density around the
tumor providing a door for metastatic cells to enter the general circulation where they can
find a new tissue for seeding secondary tumors. Thus, angiogenesis has attracted much
attention in recent decades as a potential drug target for cancer.

Pancreatic adenocarcinoma cells have increased GLI1 levels whereas cyclopamine decreases
GLI1 levels, xenograft tumor growth, and reduced vascularity within the tumor (Nakamura
et al., 2010). Conditioned medium made from these cancer cells was mixed with matrigel
and implanted in nude mice causing bone marrow-derived cells to be recruited and
increasing vascular density. Cyclopamine decreased the number of bone marrow-derived
cells that were recruited to the matrigel plug (Nakamura et a/., 2010). Cyclopamine
treatment to growing xenograft tumors decreased tumor angiogenesis and decreased tumor
expression of several proangiogenic factors including VEGF-A, SDF-1, Ang-1, IGF-1, and
PDGF-B (Nakamura et al,, 2010). GLI1, specifically, can mediate these effects as glioma
stem cells, which express GLI1, have increased production and release of VEGF in response
to Shh and IGF-1 (Hsieh et al., 2011). However, knockdown of GLI1 significantly reduces
VEGF production by these cells and reduces the ability of these cells to promote
angiogenesis /in vitro. Thus, GLI1 can have a proangiogenic effect with increased
expression.

tGLI1 also induces a proangiogenic response. Expression of tGLI1 in breast cancer cells
increased VEGF-A mRNA and protein production by these cells compared to cells
expressing GLI1 (Cao et al.,, 2012). As mentioned above, GLI1 can promote an angiogenic
response by induction of VEGF-A (Hsieh et al., 2011; Nakamura ef a/., 2010). The ability of
tGLI1 to induce a much stronger level of VEGF-A production was found to be due to direct
interaction with the VEGF-A promoter by tGLI1 whereas GLI1 had minimal binding (Cao
et al., 2012). Medium from tGLI1-expressing cells also induced stronger endothelial cell
tube formation compared to GLI1-expressing cells consistent with increased VEGF
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induction. This suggests that although GLI1 has a proangiogenic effect, tGLI1 may promote
a stronger angiogenic response. Induction of angiogenesis by tGLI1 is consistent with its
role in promoting a more aggressive cancer phenotype. There are currently no published
data regarding the ability of GLI1AN to alter angiogenesis genes.

F. Drug resistance

Cancer cell resistance to chemotherapy is usually associated with more aggressive cell
phenotypes that give a poor patient prognosis. Certain cancer cells adapt to the environment
created by chemotherapy to escape toxicity induced by cancer killing therapies. GLI1
appears to have some association with the development of cellular resistance to
chemotherapy. Patients with gliomas displayed a positive correlation between GLI1
expression and recurring tumors (Cui et af., 2010). Concurrent cell treatment with Shh and
chemotherapy led to an increase in clonogenic survival of these cells whereas cells receiving
chemotherapy alone had decreased survival (Cui ef a/., 2010). Adding to this, treatment of
cancer cells with both chemotherapy and cyclopamine significantly increased cell death and
apoptosis compared to either treatment alone (Cui ef a/., 2010). These data suggest
upregulation of the Shh pathway, likely mediated by GLI1, provides protection for cells and
resistance to chemotherapy. The precise mechanism for this protection was not elucidated.
Considering tGLI1 is associated with a more aggressive cell phenotype, it is logical that
tGLI1 could provide similar, if not greater, resistance to a chemotherapy challenge.
Experiments to test this hypothesis have not been published. It will be interesting to see if
the tGLI1 variant continues to show a more aggressive cell phenotype and what
characteristics this splice variant can provide for cells. It will be equally important to
determine if tGLI1-expressing tumor cells respond to Shh-targeted therapy that typically
inhibits the Shh-SMO-GLI1 signaling axis.

V. Conclusion and Future Directions

Significance advances have been made in our understanding of the GLI1 family of proteins
in the past few years. Most notably, the full-length GLI1 transcript is alternatively spliced to
yield two shorter isoforms, namely GLILAN and tGLI1. While the expression pattern of
GLI1AN appears to be similar to GLI1 that is widely expressed in both normal and
cancerous cells, tGLI1 has been shown to be expressed in a tumor-specific fashion in GBM
and breast cancer. The unique pattern expression of tGLI1 is significant in the context of
human cancers, in particular, tumorigenesis, tumor progression, and therapeutics. In line
with these implications, tGLI1 has gained the ability to transcriptionally regulate several
genes that are not regulated by GLI1 such as CD24, VEGF-A, MMP-2, and MMP-9, and
potentially other genes identified via gene expression profiling. Interestingly, tGLI1 has
retained its ability to undergo nuclear translocalization, activate GLI1-binding sequence, and
increase PTCH1 expression. Consistent with the gained ability to upregulate these important
cancer-related genes, tGLI1-expressing tumor cells display an increased propensity to
migrate, invade, growth, and stimulate the proliferation of vascular endothelial cells. When
implanted in the flanks of hude mice, tGLI1-expressing cells formed bigger xenografts
compared to those with GLI1. These emerging evidences suggest that tGLI1 may be a
stronger mediator of several malignant phenotypes of human cancer. They also present a
new paradigm in which some of the known GLI1 functions may be attributed to both GLI1
and tGLI1, or to a greater extent to tGLI1. Future efforts are urgently needed to generate
experimental evidence to establish this exciting new paradigm.

An important future direction is to further decipher the roles that the three GLI1 isoforms in
human cancers. Given the minute difference between the GLI1 and tGLI1 transcripts and
proteins, previous detection of GLI1 may have masked the existence of tGLI1. Also very
likely, the siRNA knockdown studies may have downregulated expression of both GLI1 and
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tGLI1 rather than exclusively, that of GLI1. Further complicating the issue is the facts that
the molecular difference between the tGLI1 and GLI1 is only about 4.5kDa (146kDa for
tGLI1 and 150kDa for GLI11) and that commercially available antibodies appear to
recognize both isoforms. Collectively, these notions and technical limitations have
contributed to our inability to uncover the existence of tGLI1 for more than 20years and also
call for a need to develop tools to selectively detect/silence tGLI1 or GLI1. For this, we have
optimized two complementary methods to distinguish the two isoforms: (2) RNA extraction
followed by RT-PCR to amplify the exons 1-4 of the GLI1 and tGLI1 transcripts, and then
by DNA sequencing of the PCR product to confirm the deleted region within tGLI1 (Cao et
al., 2012; Lo et al., 2009), and (b) a SDS-PAGE condition that can effectively resolve the
mobility of the two GLI1 and tGLI1 proteins (Cao et al., 2012). Although these methods
effectively and accurately detect tGLI1 versus GLI1 mRNAs and proteins, it is recognized
that tGLI1-specific and GLI1-specific antibodies will be helpful as we decipher the
functions of the two isoforms and the contributions of them to malignant biology of human
cancers. This effort will also help determine the clinical correlations between tGLI1 and
GLI1 expression profiles in patient tumors with patient prognosis and response to
treatments.

The exciting discoveries of GLITAN and tGLI1 also call for future investigations on several
aspects of the two novel variants that are presently unknown. First, it is important to gain a
greater understanding of the regulation of GLIZAN and tGLI1 by various components of the
Hedgehog signaling pathway including SMO, SUFU, GLI2, and GLI3. Second, it is
essential to characterize the extent to which the two new isoforms are regulated by the
noncanonical pathways, in comparison to GLI1. Third, it is imperative to determine the
molecular mechanisms by which tGLI1 regulates its target genes since the available
evidence indicates that it can bind to the consensus GLI1-binding sequence and additionally
bind to other gene promoters that do not have the sequence and are not regulated by GLI1.
This effort will help identify additional molecular pathways and cellular processes that are
subjected to tGLI1 regulation. Fourth, given the established facts that GLI1 is associated
with tumor development and other important aspects of tumor biology, a critical future task
is to determine the role that tGLI1 plays in these processes, in particular, its involvement in
comparison to GLI1 and GLI1AN. Finally, in light of the emerging importance of the
Hedgehog—GLI1 pathway as a target of anti-cancer therapy, it will be highly relevant to
investigate whether tumors with different expression profiles of the three GLI1 isoforms
differ in their sensitivity to Hedgehog-targeted therapy, in particular, those that are being
evaluated in the clinical trials in cancer patients. The derived information will help stratify
cancer patients for more effective treatments and also aid in identifying rationales for
overcoming therapeutic resistance.
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Figure6.1.

Structures of the human GLI1 gene and the encoded full-length GLI1, GLILAN and tGLI1
isoforms. (A) The full-length GLI1 gene comprises 12 exons, including the 5’ -untranslated
exon 1. The GLI1 coding region spans nt +79 to +3399 with the initiating methionine codon,
ATG, at +79 in exon 2 (arrows). Exons are indicated as gray boxes while introns are shown
by lines. The known functional domains of full-length GLI1 include the degron degradation
signals (Dn and Dc; aa 77-116; 464-469), SUFU-binding domains (SU; aa 111-125 and C-
terminus) (Dunaeva et al., 2003), zinc finger domains (ZF; aa 235-387), the nuclear
localization signal (NLS; aa 380-420), and the transactivation domain (aa 1020-1091). (B)
Alternative splicing of GLI1 RNA can lead to the deletion of exons 1-3 totaling 128 amino
acids in the N-terminus, forming the GLILAN variant. (C) The deletion of the entire exon 3
and part of exon 4 totaling 41 amino acids yields the tGLI1 isoform. Notably, tGLI1 retains
all the known functional domains of the full-length GLI1.
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Figure6.2.

Regulation of GLI1 the isoforms by the canonical and noncanonical pathways. (A)
Canonical activation of GLI1 is initiated by Shh, which binds and inhibits PTCH1 relieving
PTCH1-mediated suppression of SMO. Derepressed SMO releases GLI1 from SUFU-
mediated cytoplasmic sequestration. In turn, GLI1 translocalizes to the nucleus to induce
transcription of target genes. Dyrk1 enhances GLI1 activity. Both GLITAN and tGLI1
respond to Shh; however, it is unknown whether they are subjected to the regulation by
other components of the Hedgehog pathway. (B) GLI1 can be affected by several
noncanonical pathways. Activators of GLI1 include TGF-B, K-Ras, PKC-a, PDGF-A,
PI3K-AKT, and estradiol. PKC-86, PKA, and p53 suppress GLI1. The response of tGLI1 or
GLI1AN to noncanonical pathway activation is currently unknown.
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Regulation of malignant phenotypes of cancer by GLI1 and tGLI1. Expression of all three
GLI1 variants results in increased expression of PTCH1, an established GLI1 target gene.
Expression of GLI1 leads to increased cell proliferation rates and other cellular processes.

Expression of tGLI1 activates additional genes, namely VEGF-A, CD24, MMP-2, and
MMP-9, leading to its ability to promote cancer cell growth, migration, invasion, and

angiogenesis.

Vitam Horm. Author manuscript; available in PMC 2013 April 22.



