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Abstract
We investigated truncated glioma-associated oncogene homolog 1 (TGLI1) that behaves as gain-
of-function GLI1 and promotes tumor cell migration and invasion. Herein, we report that TGLI1
had a higher propensity than GLI1 to enhance glioblastoma angiogenesis and growth, both in vivo
and in vitro. TGLI1 has gained the ability to enhance expression of pro-angiogenic heparanase. In
patient glioblastomas, TGLI1 levels are correlated with heparanase expression. Together, we
report that TGLI1 is a novel mediator of glioblastoma angiogenesis and that heparanase is a novel
transcriptional target of TGLI1, shedding new light on the molecular pathways that support tumor
angiogenesis and aggressive growth.
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1. Introduction
The Hedgehog pathway is important for embryonic development [1, 2] and tumorigenesis
[3–5]. It is also one of the most dysregulated pathways in human cancers and is considered
to be an important target of anti-cancer therapy [6, 7]. The Hedgehog pathway is highly
complex and can be activated following the binding of Sonic hedgehog (Shh) to its receptor
patched, a repressor of a 7-transmembrane receptor smoothened, SMO. Shh’s binding to
PTCH derepresses SMO which, in turn, activates nuclear import of GLI1. Nuclear GLI1
binds to the GLI1-binding element in GLI1-regulated genes, leading to their activation [8,
9].
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The GLI family of zinc finger transcription factors constitutes the terminal effectors of the
Shh pathway [10, 11]. Although the human GLI1 gene was initially identified an amplified
gene in glioblastoma (GBM) cells [12], GLI1 gene amplification was later found to be rare
in GBM and some of other cancer types [13–15]. Somatic mutations in the GLI1 gene have
never been reported in any cell and tumor type. Very recently, the human GLI1 gene
transcript was found to be alternatively spliced to yield two shorter isoforms, namely,
GLI1ΔN identified in 2008 [16], and TGLI1 identified in our laboratory in 2009 [17].
GLI1ΔN contains a large deletion of 128 codons, lacks two functional domains and behaves
as a weak GLI1 transcription factor [16]. The TGLI1 variant is uniquely distinct from the
other two previously reported GLI1 variants, in that it contains a small in-frame deletion of
123 bases (41 codons) spanning the entire exon 3 and part of exon 4 of GLI1, and preserves
functional domains of GLI1 and the ability to undergo nuclear import and to activate GLI1-
targeted genes [17].

Additional evidence indicates that TGLI1 is highly expressed in GBM and breast cancer, but
not detected in normal brain and mammary tissues [17, 18]. TGLI1 has gained the ability to
regulate genes that are not targeted by GLI1, including CD24 [17]. More recently, our group
further showed that TGLI1 transcriptionally activates expression of vascular endothelial
growth factor-A (VEGF-A) and VEGFR2 genes in breast cancer and medulloblastoma cells
[18, 19]. Using GBM and breast cancer models, we have shown that TGLI1, but not GLI1,
enhances the propensity of cancer cells to migrate and invade [17, 18]. However, TGLI1
functionality relative to GLI1 remains poorly understood. To address this knowledge gap,
we undertook the current study aiming to gain new insights into the relevance and role of
TGLI1 in GBM, the most common brain cancer in adults and one of the deadliest and most
therapeutically intractable human malignancies [20]. Of note, our results fill critical
knowledge gaps in the Hedgehog-GLI1 pathway and in GBM vascularization by defining
TGLI1 as a novel mediator of neoangiogenesis in cancers and potentially other diseases.

2. Materials and Methods
2.1. Patient GBM tumors, directly passaged xenografts and cell lines

Patient GBM Tumors were provided by Dr. Matthias Gromeier at Duke University, as well
as, purchased from US Biomax (Rockville, MD). Patient GBM-derived xenografts and
D54MG GBM cells were provided by the Preston Robert Tisch Brain Tumor Center at Duke
University. Direct xenografts were derived patient GBM tumors that were excised during
2008–2010 and maintained in athymic mice as subcutaneous flank xenografts. The direct
xenografts recapitulate features of patient tumors since patient GBMs lose several specific
molecular features after long-term in vitro culture [21]. Human U87MG and U373MG GBM
cells were obtained from American Type Culture Collection. Stable U87MG-vector,
U87MG-GLI1 and U87MG-TGLI1 cells were previously established [17]. Human brain
microvascular endothelial cells (HBMEC) were from Angio-Proteomie and maintained in
EGM™-2 MV full medium containing 5% fetal calf serum and growth supplements. Other
cell lines were cultured in DMEM with 10% fetal calf serum while the U87MG stable
transfectant cell lines were additionally supplemented with 0.7 mg/ml G418. All cell lines
had been tested and authenticated by their commercial sources and were used within 6
months of culturing after receipt.

2.2. Reagents and Plasmids
Expression vectors, pCMV-Tag2b, pCMV-Tag2b-GLI1, or pCMV-Tag2b-TGLI1, were
generated in our laboratory [17]. All siRNAs were purchased from Thermo Scientific
(Lafayette, CO) and Bioneer (Alameda, CA). Two different siRNAs were used for each
target. The siRNA sequences are 5′-GCAGAAUCAUCACGAAGUG-3′ and 5′-
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CACCAUUGAAACCACUAGU(dTdT)-3′ (human VEGF-A siRNAs), 5′-
CCUCGAAGAAGACGGCUA-3′ and 5′-CAUCAAUGGGUCGCA GUUA(dTdT)-3′
(human heparanase siRNAs), and 5′-UGGUUUACAUGUCGACUAA-3′ and 5′-
CCUACGCCACCAAUU UCGU(dTdT)-3′ (non-targeting control siRNAs).

2.3. Western blotting (WB)
This was performed as described previously [18]. Antibodies used included mouse
monoclonal antibodies against β-actin (Sigma) and β-tubulin (Sigma), and rabbit antibodies
for heparanase (Santa Cruz, H-80), VEGF-A (Santa Cruz, sc-152), Akt/pan (4691, Cell
Signaling), p-Akt/S473 (4060, Cell Signaling), mTOR (2983, Cell Signaling) and CD24
(Santa Cruz; FL-80). To detect both GLI1 and TGLI1, goat polyclonal antibody (Santa
Cruz, C-18) and mouse monoclonal GLI1 antibody (Cell Signaling, #2643) were used
following prolonged 5.5% SDS-PAGE.

2.4. Animal studies
Female nude mice (NCr-nu/nu Athymic; NCI-Frederick) of 6 weeks old were used. GBM
xenografts were generated by subcutaneous implantation of U87MG-vector, U87MG-GLI1
and U87MG-TGLI1 cells into the right flanks of female nude mice. A total of 1 × 106 cells
were used per inoculation. Six mice were included in each group. Tumor volume was
determined twice weekly using calipers and the equation, volume = (length x width2)/2. All
mice were euthanized at days 32–35 because most TGLI1-carrying tumors had reached the
volume of 2,000 mm3, the humane endpoint. The animal study was conducted according to
protocols approved by the Duke University IACUC committee.

2.5. Immunohistochemistry (IHC)
This was conducted as we described previously [17]. The slides were incubated with the
following antibodies, rabbit polyclonal Ki-67 antibody (Thermo scientific, ready-to-use),
rabbit polyclonal CD31 antibody (Thermo Scientific, Clone JC/70A, ready-to-use), rabbit
polyclonal VEGF-A antibody (Santa Cruz, A-20, 1:50), rabbit polyclonal GLI1 antibody
(Santa Cruz, H-300, 1:75), and rabbit polyclonal heparanase antibody (Santa Cruz, H-80,
1:25). CD31 IHC was used to mark tumor vasculature in which blood vessels in each of 8–
10 microscopic fields were counted under a 40X objective using a microscope to derive
microvessel density, via a standard method and the formula, # of vessels/mm2 [22]. Rabbit
polyclonal TGLI1 splice junction-specific antibodies were produced by YenZym
Antibodies, LLC (South San Francisco, CA). Scoring was performed by a pathologist.
Histologic scores (H-Scores) were computed from both % positivity (A%, A=1–100) and
intensity (B=0–3) using the equation, H-Score=A × B. For TGLI1 IHC, tumors were
classified into four categories: negative (H-score=0), low (H-score=1–50), median (H-
score=51–150) and high (H-score=151–300).

2.6. Total RNA Extraction, Reverse-transcription (RT) and Polymerase Chain Reaction
(PCR)

Total RNA isolation and RT were conducted using SV Total RNA Isolation System
(Promega) and Superscript II First-Strand cDNA synthesis system (Invitrogen),
retrospectively. The forward and reverse primers used for the PCR were: 5′-
TGTTCAACTCGATGACCC-3′ and 5′-GTCATGGGGACCACAAGG-3′ (exons 1–4 of
GLI1 and TGLI1), 5′-GGCGGCACCACCATGTACCC-3′ and 5′-
AGGGGCCGGACTCGTCATACT-3′ (β-actin), 5′-GGTCAGCCTCGAAGAAAGAC-3′
and 5′-TAGCAGTCCGTCCATTCAAA-3′ (human heparanase), 5′-
ATGGGCAGAGCAATGGTGGCCA-3′ and 5′-AGAGTGAGACCACGAAGAGACT-3′
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(human CD24), and 5′-CACCATCGACAGAACAGTCC-3′ and 5′-
GAATCCAATTCCAAGAGGGA-3′ (human VEGF-A).

2.7. Tubule Formation Assay
Tubule formation assay was performed using the In Vitro Angiogenesis Kit (Trevigen), as
we previously described [18]. A total of 5,000–5,500 human brain microvascular endothelial
cells were seeded into each coated well. Conditioned medium was collected from tumor
cells that have been starved in EBM-2 Basal Medium for 24 hrs. After incubation at 37°C
for 4–6 hrs, endothelial cells were examined for capillary-like network formation and
photographed under a light microscope. Tubule formation was quantified by measuring total
tubule length and total number of branch points in triplicate wells, using the NIH Image J
software.

2.8. ELISA that measures VEGF-A concentrations in culture medium
This was conducted using the VEGF-A ELISA Kit from R&D, according to manufacturer’s
instructions and our previous report [18]. GBM cells seeded in 24-well culture plates were
incubated in the EBM-2 Basal Medium at 37°C. After 24 hrs, conditioned medium was
collected and centrifuged at 1,200 xg for 10 min to remove cell debris. The supernatants
were then subjected to ELISA in triplicates. Absorbance at 540 nm (and 450 nm as
normalization background) was determined using the Synergy HT Multi-mode Microplate
Reader (BioTek). VEGF-A concentrations were computed with reference to standard curves
derived from purified VEGF-A supplied in the ELISA Kit.

2.9. Chorioallantoic Membrane (CAM) assay [18]
U373MG GBM cells were transfected with pCMV-Tag2b, pCMV-Tag2b-GLI1, or pCMV-
Tag2b-TGLI1 plasmids for 48 hours. Harvested cells were then mixed with an equal volume
growth factor reduced Matrigel (BD Biosciences, Bedford, MA). Aliquots (40 μL) of the
cell suspension (2×106 cells/embryo) were implanted on 9-day old chorioallontoic
membranes of foghorn chicken embryos (Charles River). Eight to twelve embryos were used
for each group. After four days, matrigel plugs and surrounding chorioallontoic membrane
were collected and photographed with a Zeiss camera. Images were used to count vessel
branch points. Branch points were normalized to area of tissue.

2.10. Invasion Assay
This was conducted as we previously described using the InnoCyte™ Quantitative Cell
Invasion Assay kit (EMD) [17]. Briefly, 1.75×105 cells were placed in the upper chamber of
re-hydrated inserts with an 8-μm pore size polycarbonate membrane coated with a uniform
layer of basement membrane matrix on the upper surface. Following incubation for 48 hrs,
The inserts containing the breast cancer cells invaded through the basement membrane
matrix were stained in 0.5% crystal violet. Cell proliferation rates were simultaneously
determined [17, 23, 24] to derive “invasiveness:proliferation” ratios that indicate net
invasiveness.

2.11. Chromatin Immunoprecipitation (ChIP) assay
A ChIP Assay kit (Upstate) was used. A rabbit polyclonal GLI1 antibody (Santa Cruz,
H-300) that recognizes the COOH-terminal region (amino acids 781–1080 present in both
GLI1 and TGLI1 proteins) of the human TGLI1/GLI1 proteins was used in these
experiments. For both promoters, the targeted regions were located in the promoter regions
that have been shown to drive their transcriptional activities. The quantitative VEGF-A ChIP
assay was conducted as we previously described [18]. Primer sequences for amplifying the
human heparanase gene promoter are 5′-CTCGAGGGTCAGAGGGATAC-3′ (forward) and
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5′-TCCTGACGCACGTGTTCT-3′ (reverse). Rabbit normal IgG served as negative
immunoprecipitation controls. Input chromatins were used as loading controls for PCR.

2.12. Luciferase reporter constructs and luciferase assay
Construction of the GLI1- and TGLI1-expressing plasmids was described in our previous
study [17]. The pGL3-HPA1-Luc reporter construct was engineered to contain −693 to +374
bp promoter region of the human heparanase gene. The pGL3-VEGF-A-Luc reporter
contains the promoter region of the human VEGF-A gene (−900 to +100 bp) was cloned
into the pGL3-basic Firefly luciferase vector (Promega), as described in our previous study
[18]. A Renilla luciferase expression vector, pRL-CMV, was used to control for transfection
efficiency. Forty-eight hrs after transfection, the cells were lysed and luciferase activity
measured using the Firefly and Renilla Luciferase Assay Kit (Biotium), as we previously
described [17, 18]. Relative promoter activity was computed by normalizing the Firefly
luciferase activity against that of the Renilla luciferase.

2.13. Cell proliferation assay
Tumor cells in exponential growth were seeded in 96-well culture plates and transfected
with indicated siRNAs. After 48 hrs, the cells were subjected to cell survival analyses using
the CellTiter Blue Cell Viability Assay (Promega). Briefly, 25 μl of the CellTiter Blue
reagent was added to each well containing 100 ul media, incubated for 4 hrs at 37°C, and
then the absorbance measured at 560 nm/590 nm using a plate reader (Synergy-HT, BIO-
TEK, Winooski, VT). Triplicate wells were used for each treatment and three independent
experiments were performed to derive means and standard deviations.

2.14. Statistical analyses
The student t-test and multiple regression analysis were performed using STATISTICA
(StatSoft) and Microsoft Excel.

3. Results
3.1. TGLI1 protein is highly expressed in patient GBM samples, patient GBM-derived direct
xenografts and has a higher propensity than GLI1 to enhance in vivo growth and
vascularity of GBM xenografts

In our 2009 study [17], we reported TGLI1 transcript to be expressed in the majority of
GBM cell lines, but not in normal brain or other normal tissues. Here, we further showed
that TGLI1 protein is readily detected in patient GBMs and patient GBM-derived xenografts
(Fig. 1A). Previous reports have shown that direct xenografts recapitulate features of the
patient’s original tumor [21]. As shown in Fig. 1A, TGLI1 (146 kD) and GLI1 (150 kD)
proteins were separated by prolonged SDS-PAGE followed by WB with an antibody that
recognizes both GLI1 and TGLI1. Stable transfectant cells expressing TGLI1 and GLI1
were used to indicate differential mobility of the two GLI1 isoforms. Notably, GBM tumors
differ in their TGLI1 level relative to GLI1 and in some cases, TGLI1 expression is
comparable to or higher than GLI1.

We inoculated three stably transfectent U87MG cell lines with vector control, GLI1 or
TGLI1 into the flanks of nude mice (six per group) and determined tumor volume twice
weekly until the humane endpoint. The growth curves (Fig. 1B) indicate that TGLI1-
expressing GBM xenografts were significantly more aggressive in growth than the control
and those with GLI1. Notably, all three groups of xenografts had a similar growth rate up to
day 21 post inoculation and began to differ substantially in their volume after day 24. As
shown by representative images in Fig. 1C, TGLI1-carrying GBM xenografts were larger
and more vascularized than those with vector control and GLI1. To confirm this interesting
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observation, we conducted IHC to detect the vascular endothelial marker CD31 in order to
mark tumor vasculature. Based on CD31 IHC results, we then computed microvessel density
in the tumors using a previously described method [22, 25]. The results (Fig. 1D; left panel)
clearly indicate that the TGLI1-expressing xenografts contained significantly more blood
vessels than those expressing GLI1 or the control vector. Representative CD31-stained
sections are shown in the right panels of Fig. 1D in which lower panels show high-resolution
images.

Next, we determined whether the TGLI1-expressing tumors were more proliferative than
those with GLI1 or the control vector. For this, we conducted IHC to detect Ki-67, a
proliferative marker expressed only in actively proliferating cells but not in quiescent cells.
As shown in Fig. 1E, TGLI1-expressing GBM xenografts contained significantly more
Ki-67-positive cells than the control and those with GLI1 (left panel). Representative Ki-67-
stained xenografts are shown in the right panels of Fig. 1E in which arrows point to brown
Ki-67-positive tumor nuclei. As shown in Fig. 1F, we further determined Akt activation
status and observed no significant differences, suggesting that Akt may not be an important
factor for TGLI1-associated tumor growth or angiogenesis. Collectively, results in Fig. 1
indicate that TGLI1-expressing GBM tumors are more aggressively growing and more
vascularized in comparison to those with GLI1 or with very low levels of GLI1 and TGLI1.

3.2. TGLI1-expressing tumor cells contain a higher propensity than control and those with
GLI1 to promote tubule formation of human brain microvascular endothelial cells (HBMEC)
and in vivo angiogenesis of chick embryos

Conditioned medium from U87MG-TGLI1 cells strongly promoted in vitro angiogenesis of
HBMEC cells (Fig. 2A) and human umbilical vein endothelial cells, HUVEC (Supplemental
Fig. 1). In the tubule formation assay that mimics in vivo angiogenesis, the extent of in vitro
angiogenesis was quantified by two measurements, namely, total tubule length and branch
points. These interesting findings were confirmed using another GBM cell line, U373MG.
As shown in Fig. 2B, we transiently transfected the TGLI1, GLI1 and control vectors into
U373MG cells and confirmed transfection effectiveness by western blotting. Using tubule
formation assay (Fig. 2C), we observed that TGLI1 expression rendered U373MG cells
more effective in promoting tubule formation of HBMEC cells.

Further, we conducted the CAM assay using U373MG cells to determine the extent to which
TGLI1 and GLI1 regulate angiogenesis in vivo. U373MG GBM cells transiently transfected
with pCMV-Tag2b, pCMV-Tag2b-GLI1, or pCMV-Tag2b-TGLI1 plasmids were harvested
cells and mixed with an equal volume growth factor reduced Matrigel. Aliquots (40 μL) of
the cell suspension (2×106 cells/embryo) were implanted on 9-day old chorioallontoic
membranes of foghorn chicken embryos. Eight to twelve embryos were used for each group.
After four days, matrigel plugs and surrounding chorioallontoic membrane were collected
and photographed with a Zeiss camera. Images were used to count vessel branch points.
Branch points were normalized to area of tissue. The results of the CAM study indicated that
TGLI1-expressing U373MG cells strongly promoted angiogenesis of chick embryos to a
greater degree than those with GLI1 and control vector (Fig. 2D). GLI1 also rendered chick
embryos more angiogenic compared to the vector control. Fig. 2E shows representative
images indicating that TGLI1 expression in U373MG cells had resulted in extensive
vascular sprouting and immature vasculature in chick embryos. Taken together, results in
Fig. 2 indicate that TGLI1-expressing GBM cells contain a higher propensity to promote
tubule-forming ability of HBMEC cells and in vivo angiogenesis of chick embryos than
control cells and those with GLI1.
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3.3. Heparanase gene expression is enhanced by TGLI1 in GBM cell lines and xenografts
To identify angiogenesis-promoting factors that are upregulated by TGLI1, we concentrated
our efforts on heparanase because of its known role in glioma vascularity [26]. Heparanase
is a multi-functional protein that: i) cleaves heparan sulfate chains of extracellular matrix
proteins, leading to disruption of basement membrane structure and subsequent migration of
endothelial cells to tumors, ii) releases heparan sulfate-bound angiogenic factors bFGF and
VEGF, iii) generates heparan sulfate that enhances bFGF:FGFR binding [27, 28], and iv)
increases VEGF-A expression via its non-enzymatic action [26]. Endogenous heparanase
has been shown to exert non-enzymatic activity to increase VEGF-A expression in rat
glioma cells [26].

As shown in Fig. 3A, heparanase gene transcript and protein are highly expressed in
U87MG-TGLI1 xenografts but remain undetectable in U87MG-GLI1 tumors. Results of six
representative xenografts are shown. These observations were confirmed by heparanase IHC
in Fig. 3B. Furthermore, we examined the effects of transient expression of TGLI1 versus
GLI1 on heparanase levels in U373MG and D54MG cells, and the results (Fig. 3C) showed
that transient elevation of TGLI1, but not GLI1, led to increased heparanase gene expression
in both cell lines. Consistent with our prior observations [17, 18], TGLI1 expression
rendered U373MG and D54MG cells highly invasive (Fig. 3D). It is worth noting that
D54MG cells were extracted from direct xenografts serially maintained in nude mice which
showed higher levels of endogenous TGLI1 (Fig. 3C) and intrinsic invasiveness (Fig. 3D),
relative to U87MG and U373MG cells.

To determine whether the human heparanase gene is a transcriptional target of TGLI1, we
conducted the ChIP assay to measure the extent to which intracellular TGLI1 and GLI1
differ in their ability to bind to the human heparanase gene promoter. The stable U87MG
cell lines were used. ChIP assay in Fig. 3E showed that TGLI1, but not GLI1, strongly binds
to the heparanase gene promoter, in which TGLI1-GLI1 PCR signals were normalized
against those of the vector control and chromatin input (loading controls). Quantitative ChIP
assay in Fig. 3F clearly demonstrated that TGLI1 contained a significantly higher affinity to
the heparanase gene promoter than GLI1 (p=0.006). In the ChIP assay, we targeted the
promoter region that has been shown to drive its transcriptional activity. Interestingly,
VEGF-A and heparanase promoters do not contain consensus GLI1-response elements,
consistent with the lack of GLI1 binding to the promoters. Next, we examined whether
TGLI1 binding to the human heparanase gene promoter leads to promoter activation. For
this, we engineered a heparanase promoter-controlled luciferase reporter (pGL3-HPA1-
Luc), transfected it into the three U87MG stable transfectant cell lines and measured
luciferase activity. The results (Fig. 3G) show that TGLI1 had a higher ability to
transactivate the heparanase gene promoter than GLI1. Collectively, the results in Fig. 3
indicate that the human heparanase gene is a novel transcriptional target of TGLI1, but not
GLI1, and that heparanase gene expression is positively associated with TGLI1 in cell lines
and xenografts of GBM.

3.4. TGLI1-carrying GBM xenografts and cell lines express high levels of VEGF-A
We next investigated the role of VEGF-A in TGLI1-mediated GBM angiogenesis because
VEGF-A is the ligand of VEGFR1/2 and the binding to the receptors activates vascular
proliferation [29, 30]. This investigation was promoted by our recent report showing that
TGLI1 enhances VEGF-A expression in breast cancer cells [18]. However, to date, the
TGLI1-VEGF link has not been investigated in vivo. Here, we observed that VEGF-A
transcript (Fig. 4A) and protein (Fig. 4B) levels were significantly higher in TGLI1-
expressing GBM xenografts than those with GLI1. Results of six representative xenografts
are shown. In agreement with our previous report showing CD24 as a transcriptional target
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of TGLI1 [17], CD24 is highly expressed in TGLI1-carrying tumors but not in those with
GLI1. To confirm these observations, we conducted IHC to detect VEGF-A in GBM
xenografts (N=6 per group), and the results (Fig. 4C) indicate that TGLI1-carrying tumors
expressed more VEGF-A than those with GLI1. Representative tumors immunostained for
VEGF-A are shown in Fig. 4D. We also immunostained the tumor sections for TGLI1/GLI1
using an Ab that recognizes both GLI1 and TGLI1, and the results show that both groups of
xenografts expressed similar levels of transgenes, as indicated by TGLI1/GLI1-positive
brown nuclei.

We further determined whether TGLI1-expressing GBM xenografts contain a higher
propensity to promote tubule formation of HBMEC cells, thus mimicking in vivo
angiogenesis. For this, we extracted total proteins from the xenografts, added the extracts to
HBMEC cells being cultured on basement matrix extracts, and monitored the ability of the
endothelial cells to form capillary-like tubular structures. As shown in Fig. 4E, HBMEC
cells exposed to extracts from U87MG-TGLI1 xenografts formed more capillary structures
compared to those from U87MG-GLI1 tumors. As shown by representative images in Fig.
4F, the tumor lysates from the U87MG-TGLI1 xenografts displayed a significantly higher
propensity than those from the U87MG-GLI1 tumors to promote in vitro angiogenesis of
HBMEC cells in both total tubule length and branch points. This observation combined with
those with the conditioned medium in Fig. 2, together, suggesting that TGLI1-expressing
GBM cells/tumors express higher levels of VEGF-A intracellularly and consequently,
secreted higher amount of VEGF-A to stimulate angiogenesis.

We further show in Fig. 5A that VEGF-A transcripts levels were enhanced by TGLI1
expression in U87MG, U373MG and D54MG GBM cell lines. Using ChIP (Fig. 5B) and
luciferase reporter (Fig. 5C) assays respectively, we further showed that TGLI1 binds to and
transactivates the VEGF-A gene promoter more strongly than GLI1. In ChIP assays, we
targeted the promoter region that has been shown to drive its transcriptional activity. As
shown by ELISA in Fig. 5D, TGLI1 expression rendered GBM cells to secrete more VEGF-
A. Collectively, the results in Figs. 4 and 5 indicate for the first time that the human VEGF-
A gene is expressed at high levels in TGLI1-expressing GBM xenografts and cell lines.

3.5. Double expression knockdown of both heparanase and VEGF-A significantly
suppresses TGLI1-mediated in vitro angiogenesis of HBMECs

Since both heparanase and VEGF-A can promote angiogenesis and both genes can be
upregulated by TGLI1, we determined the effects of dual downregulation of both genes on
TGLI1-mediated angiogenesis. In these studies, we transfected U87MG-TGLI1 cells with
heparanase and VEGF-A siRNAs, alone and in combination, and with control non-targeting
siRNA. We also transfected U87MG-GLI1 cells with the control siRNA which served as the
baseline control for the in vitro angiogenesis assay. Effectiveness and specificity of the
siRNAs were indicated by the WB results in Fig. 6A (Supplemental Fig. 2). Notably,
U87MG-TGLI1 cells with dual knockdown had reduced levels of heparanase and VEGF-A
proteins to the levels that are comparable to those in U87MG-GLI1 cells. Next, we
determined the ability of the conditioned medium from the transfected cells to regulate in
vitro angiogenesis of HBMEC cells. As illustrated in Fig. 6B–D, double knockdown led to a
significant reduction (~65%) of tubule formation while single knockdowns significantly
reduced (~50%), but did not completely prevent in vitro angiogenesis. It is also noticeable
that the doubly knock downed U87MG-TGLI1 cells behaved similarly to U87MG-GLI1
cells in modulating tubule formation. To determine whether the knockdowns affected
U87MG cell proliferation, we conducted cell proliferation assay and did not find significant
differences in proliferation rates. These results were further confirmed using additional
siRNAs targeting different regions of heparanase and VEGF-A (Supplementary Fig. 2).
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Together, the results in Fig. 6 indicate that expression upregulation of both heparanase and
VEGF-A is essential for TGLI1-mediated in vitro angiogenesis of HBMEC.

3.6. TGLI1 splice junction-specific antibodies were developed and used to determine that
TGLI1 was highly expressed in nearly half of the patient GBM samples we analyzed

We have found that commercially available antibodies we analyzed to date recognized both
GLI1 and TGLI1 proteins. To our best knowledge, the existence of a TGLI1 Ab has not
been reported. Thus, there is a need to develop TGLI1 junction-specific Abs. To meet this
need, we recently developed rabbit polyclonal TGLI1-specific Abs via custom Ab service by
YenZym Antibodies LLC. Briefly, a 15-residues peptide corresponding to the splice
junction of exons 2–4 within TGLI1, but absent in GLI1, was used to immunize rabbits.
Serum was subjected to several rounds of affinity column purifications followed by
validations using ELISA and IHC. As shown by IHC in Fig. 7A, the TGLI1 splice junction-
specific Ab yielded specific signals in a TGLI1-overexpressing xenograft (left panel).
Middle panel shows that the TGLI1 signals were specifically blocked by the TGLI1 peptide
used to raise the Abs. Right panel indicates that the TGLI1 Abs did not yield signals in a
GLI1-overexpressing xenograft with very low TGLI1, indicating selectivity.

Using the TGLI1 Abs, we analyzed 30 patient GBM samples for TGLI1 expression
frequency using IHC. The results show that 47% of the tumors expressed median (++) and
high (+++) levels of TGLI1. Two representative GBM cases are shown in Fig. 7B that
express high levels of TGLI1. We further analyzed the tumor cohort for expression of three
known TGLI1 target genes and correlated their levels with TGLI1 expression. As shown in
Fig. 7C–E, multiple regression analysis indicated that TGLI1 expression is positively
correlated with CD24 (panel C; p=0.04; R=0.49) and heparanase (panel D; p=0.02; R=0.42)
levels, but not that of VEGF-A (panel E; p=0.56; R=0.17). We speculate that TGLI1 may
better correlate with secreted VEGF-A rather than intracellular VEGF-A. Taken together,
these results show that TGLI1 is highly expressed in nearly half of patient GBM samples we
had analyzed and that TGLI1 expression is positively associated with levels of CD24 and
heparanase.

4. Discussion
Kinzler and Vogelstein first reported the identification of the human GLI1 gene in 1987 [12]
and characterized it as a member of the Kruppel family of zinc finger proteins in 1988 [10].
In the 1988 milestone study, the authors detected a shorter transcript in a human embryonal
carcinoma cell line using northern blotting with a GLI1 probe [10]. Following an
examination of the GLI1 genomic sequence in the cells, the authors concluded that no
somatic abnormality was present in the GLI1 gene and did not further pursue the origin of
the shorter transcript. In 2009, our laboratory unexpectedly isolated the TGLI1 isoform from
a GBM cell line and showed it to be a product of an alternatively spliced GLI1 variant that
contains an in-frame deletion of 123 bases corresponding to the entire exon 3 and part of
exon 4 of the GLI1 gene [17]. In light of these reports, we speculate that the previously
observed shorter GLI1 transcript [10] is that of TGLI1.

The 41 amino acid deletion in TGLI1 results in a loss of 4.4 kD from the full-length GLI1.
Because of this small difference in molecular weight (146 kD for TGLI1; 150 kD for GLI1)
and the fact that commercially available GLI1 antibodies detect both isoforms, we speculate
that some of the previously reported GLI1 functionality may be shared by TGLI1 and GLI1
or attributed to TGLI1, but not GLI1. This speculation is supported by the results of our
current study and two previous studies [17, 18] showing that TGLI1 gains the ability to
upregulate VEGF-A and heparanase gene expression and thereby, enhances GBM
angiogenesis, as well as, CD24 expression leading to enhanced migration and invasion. Also
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supporting this hypothesis is the notion that TGLI1 retains some functionality of GLI1
including the ability to undergo nuclear import and activate GLI1-regulated promoters and
genes [17]. For the above mentioned reasons, we believe our findings present a provocative
paradigm in which some of the known Hedgehog-GLI1 functionality is attributed to TGLI1,
but not GLI1.

Notably, VEGF-A and heparanase promoters do not contain consensus GLI1-response
elements. This is consistent with the lack of GLI1 binding to the promoters. This also
suggests that TGLI1 has gained the ability to binds to the promoters, directly or indirectly. If
TGLI1 directly binds to the promoters, TGLI1 may recognize a TGLI1-response element. If
TGLI1 indirectly binds to the promoters, it may have gained the ability to interact with other
transcription factors to co-regulate the transcription. These possibilities warrant future
investigations.

Extremely high level of neoangiogenesis is one of the distinct histopathological features that
separate GBM from other gliomas. GBM is among the most angiogenic solid malignancies.
This feature enables GBMs to overcome the limitations in nutrients and oxygen supply when
the tumor reaches a size of about 1–2 mm in diameter, leading to uncontrolled growth [31].
Excessive neovascularization in GBM tumors results in excessive leakiness of the
neovasculature and this facilitates the high level of infiltration of tumor endothelium and
GBM cells into parenchyma [31, 32]. Consequently, our results are of importance because
they provide evidence suggesting that TGLI1 can be an important mediator of GBM
angiogenesis, a feature central to its growth and infiltration. This link between TGLI1 and
angiogenesis is also significant given the fact that sonic hedgehog has been shown to be
involved in vascularity, although the exact downstream players are still not well defined
[33–36]. Of note, Shh’s effects on vascularity could potentially be attributed to GLI1, GLI2,
GLI3 and/or TGLI1 given our results demonstrating that Shh can activate TGLI1
transcriptional activity [17].

Our findings indicate that TGLI1 expression is higher in patient GBM tumors than in
cultured GBM cell lines and that GBM cells serially passaged in nude mice maintained
TGLI1 expression. This interesting observation is consistent with the notion that GBM
specimens tend to lose their malignant features and molecular hallmarks after in vitro
culturing. For example, cultured GBM cells are less invasive and losing gene amplification,
such as, that of EGFR [37]. An important future task will be to further validate this
interesting observation and elucidate the molecular mechanisms that promote TGLI1
expression in vivo.

In light of the positive role that TGLI1 plays in tumor neovascularization, TGLI1 has the
potential to be an attractive target for novel anti-angiogenic therapy, not only for GBM, but
also other cancers and diseases with excessive vascularity as the main pathobiological
feature. This implication is worth investigating because anti-angiogenic treatment has been
used to treat several angiogenesis-related ocular diseases, breast cancer and GBM [38, 39];
however, the therapy has yielded mixed results. In GBM patients, Avastin resistance is
common and current efforts are being directed at finding Avastin-based combination therapy
and other anti-angiogenesis agents for these patients [40, 41]. In light of these notions, our
findings provide a strong rationale for inhibiting TGLI1 signaling as a new targeted therapy.

Several important future tasks are prompted by the findings in this study. The major ones are
the following: 1) exploration of whether TGLI1 is associated with glioma stemness given
that anchorage-independent growth is one of the unique features of cancer stem cells [42]
and that GLI1 has been shown to be important for the proliferation of progenitor cells [43,
44], 2) investigation of the role of TGLI1 in tumorigenesis; 3) further characterization of the
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molecular mechanisms by which TGLI1 regulates gene expression, including, identification
of consensus TGLI1-binding element, which will help with the identification of additional
TGLI1-regulated genes and TGLI1 functionality; 4) elucidation of how TGLI1 expression is
regulated which is currently unknown [45] and addressing this knowledge gap will help
derive a means of blocking the alternative splicing event that produces TGLI1; 5) the
regulation of TGLI1 by the non-canonical pathways that are known to regulate GLI1,
including, Ras-MEK, Akt [46, 47] and transforming growth factor-β [48] that activate GLI1,
as well as, PKA [49], PKC-β, Notch-HES1 [51] and p53 [52] that suppress GLI1; 6)
investigating role of TGLI1 using orthotopic xenograft animal models and transgenic mouse
models; and 7) deciphering the importance of heparanase as a mediator of TGLI1-associated
tumor angiogenesis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TGLI1 is highly expressed in GBM and enhances in vivo growth and vascularity of
GBM xenografts
A, TGLI1 protein was detected in patient GBMs sand direct xenografts. Resolution of
TGLI1 and GLI1 proteins was enabled via prolonged 5.5% SDS-PAGE and WB with a
GLI1 antibody. Stable GBM cells with TGLI1 and GLI1 were used to indicate the two GLI1
isoforms.
B, TGLI1-expressing GBM xenografts were significantly more aggressive in growth than
the control and those with GLI1 (*,**, p<0.05). N=6 per group. Student t-test was conducted
to determine p-values.
C, TGLI1-carrying GBM xenografts were highly vascularized. Three representative GBM
xenografts are shown.
D, TGLI1-expressing xenografts contained significantly more blood vessels that those with
GLI1. IHC was conducted to detect CD31 and derive microvessel density using a standard
method [22, 25]. Student t-test was conducted to determine p-values. Right lower panels
show high-resolution images.
E, TGLI1-expressing tumors were more proliferative than control and those with GLI1. IHC
was conducted to detect Ki-67. Student t-test was used to determine p-values.
Representative Ki-67-stained xenografts are shown in the right panels. Arrows point to
brown Ki-67-positive tumor nuclei.
F, No significant difference in Akt activation status was observed among the three U87MG
lines, as indicated by western blotting.
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Figure 2. TGLI1-expressing tumor cells strongly promote tubule formation of vascular
endothelial cells and in vivo angiogenesis of chick embryos
Three independent experiments were conducted and the student t-test was conducted to
determine p-values.
A, Conditioned medium from U87MG-TGLI1 cells strongly promoted in vitro angiogenesis
of HBMEC cells. The tubule formation assay was performed. Total tubule length (relative to
vector control) and branch points were determined.
B, Western blots indicate that U373MG cells were effectively transfected to express TGLI1
or GLI1.
C, U373MG cells expressing TGLI1 strongly promote in vitro angiogenesis of HBMEC
cells compared to those with the control vector and GLI1.
D,E, CAM assay showed that TGLI1-expressing U373MG GBM cells strongly promoted
angiogenesis of chick embryos. In each transplantation, 8–12 CAMs were analyzed.
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Figure 3. Heparanase gene expression is enhanced by TGLI1
Six tumors were analyzed in each group. Student’s t-test was conducted to determine p-
values
A, Heparanase gene was highly expressed in U87MG-TGLI1 xenografts but undetectable in
U87MG-GLI1 tumors. Results of six representative tumors are shown.
B, Heparanase is expressed at a higher level in U87MG-TGLI1 xenografts than in U87MG-
GLI1 tumors, as shown by IHC.
C, Transient elevation of TGLI1, but not GLI1, expression leads to increased levels of
heparanase gene expression in U373MG and D54MG cells. RT-PCR was conducted.
D54MG cells were extracted from xenografts serially maintained in nude mice which
showed endogenous expression of both TGLI1 and GLI1.
D, TGLI1 expression rendered U373MG and D54MG highly invasive. Invasion transwell
assay was performed in which tumor cells that have invaded through coated basement
membranes were stained by crystal violet blue. D54MG cells were extracted from
xenografts serially maintained in nude mice which showed higher levels of endogenous
TGLI1 and intrinsic invasiveness, relative to U87MG and U373 MG cells.
E,F, TGLI1, but not GLI1, strongly binds to the human heparanase gene promoter, as shown
by the ChIP assay (panel E and quantitative ChIP assay (panel F). The stable U87MG cell
lines were used. TGLI1-GLI1 PCR signals were normalized against those of the vector
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control and the loading controls (chromatin input). Three independent experiments were
conducted.
G, Heparanase gene promoter activity is higher is GBM cells with TGLI1 than those with
GLI1. Means and standard deviations were derived from results of three independent
experiments.
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Figure 4. TGLI1-carrying xenografts of GBM express high levels of VEGF-A
A,B, TGLI1-carrying GBM xenografts contained a higher level of VEGF-A than those with
GLI1. Panel A, RT-PCR. Panel B, WB. Results of six representative tumors are shown.
CD24 is highly expressed in TGLI1-carrying tumors but not in those with GLI1, which is in
agreement with our previous report [17].
C,D, TGLI1-carrying xenografts expressed more VEGF-A than those with GLI1, as shown
by IHC. Six tumors per group were analyzed. Student t-test was conducted to determine the
p-value. Panel D shows two representative tumors. TGLI1- and GLI1-positive nuclei are
marked by brown signals.
E,F, TGLI1-expressing GBM xenografts contained a higher propensity to promote in vitro
angiogenesis of HBMEC cells as shown by the tubule formation assay. Total proteins
extracted from the xenografts were added to endothelial cells. Three independent
experiments were conducted and the student t-test was conducted to determine p-values.
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Figure 5. VEGF-A expression is elevated in TGLI1-expressing in human GBM cell lines
Three independent experiments were conducted to derive means and standard deviations.
Student’s t-test was used to compute p-values.
A, VEGF-A expression is enhanced by TGLI1 in three human GBM cell lines, as indicated
by RT-PCR.
B, TGLI1 strongly binds to the VEGF-A promoter, as indicated by the ChIP assay. The
quantitative VEGF-A ChIP assay was conducted.
C, Human VEGF-A gene promoter activity is enhanced by TGLI1 expression.
D, TGLI1 expression rendered GBM cells secrete more VEGF-A, as shown by ELISA.
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Figure 6. Double expression knockdown of heparanase and VEGF-A significantly reduces
TGLI1-mediated in vitro angiogenesis of HBMEC cells
A, U87MG-TGLI1 cells with dual knockdown contained low levels of heparanase and
VEGF-A and the levels are equivalent to those in U87MG-GLI1 cells. Transfected cells
were subjected to WB to determine the knockdown effectiveness. U87MG-GLI1 cells
transfected with the control siRNA served as baseline control for the in vitro angiogenesis
assay.
B, U87MG-TGLI1 cells with double knockdown abrogated their ability to promote tubule
formation.
C,D, Quantitation results showing total tubule length (panel C) and branch points (panel D),
relative to control siRNA-transfected U87MG-TGLI1 cells. Means and standard deviations
were derived from data of three independent experiments. Student t-test was used to
determine p-values.
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Figure 7. TGLI1 splice junction-specific antibodies were developed and used to determine that
TGLI1 was highly expressed in nearly half of the patient GBM samples we analyzed
A, The TGLI1 splice junction-specific Abs yielded specific signals in a TGLI1-
overexpressing xenograft (left panel). The TGLI1 signals were specifically blocked by the
TGLI1 peptide used to raise the Abs (mid-panel). TGLI1 Abs did not yield signals in a
GLI1-overexpressing xenograft with very low TGLI1, indicating selectivity (right panel).
B, Analysis of 30 patient GBM samples for TGLI1 expression frequency using IHC showed
that 47% of the tumors expressed median (++) and high (+++) levels of TGLI1. Two
representative GBM cases with high TGLI1 are shown.
C–E, TGLI1 expression was positively correlated with both CD24 (panel C and heparanase
(panel D) levels, but not that of VEGF-A (panel E). Multiple regression analysis was
conducted to determine R and p values.
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