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Abstract: The Hedgehog (Hh) signaling pathway not only plays important roles in embryogenesis
and adult tissue homeostasis, but also in tumorigenesis. Aberrant Hh pathway activation has
been reported in a variety of malignant tumors including colon carcinoma. Here, we sought to
investigate the regulation of the Hh pathway transcription factor Glil by arsenic trioxide and
phosphoinositide 3-kinase (PI3K) inhibitor LY294002 in colon carcinoma cells. We transfected
cells with siGlil and observed a significant reduction of Glil expression in HCT116 and HT29
cells, which was confirmed by quantitative real-time polymerase chain reaction and Western
blots. Knocking down endogenous Glil reduced colon carcinoma cell viability through induc-
ing cell apoptosis. Similarly, knocking down Gli2 using short interfering RNA impaired colon
carcinoma cell growth in vitro. To elucidate the regulation of Glil expression, we found that
both Gli inhibitor arsenic trioxide and PI3K inhibitor LY294002 significantly reduced Glil
protein expression and colon carcinoma cell proliferation. Arsenic trioxide treatment also
reduced Glil downstream target gene expression, such as Bcl2 and CCND 1. More importantly,
the inhibition of Hedgehog-Glil by arsenic trioxide showed synergistic anticancer effect with
the PI3K inhibitor LY294002 in colon carcinoma cells. Our findings suggest that the Hh path-
way transcription factor Glil is involved in the regulation of colon carcinoma cell viability.
Inhibition of Hedgehog-Glil expression by arsenic trioxide and PI3K inhibitor synergistically
reduces colon cancer cell proliferation, indicating that they could be used as an effective anti-
colon cancer combination therapy.

Keywords: colon carcinoma cell, Hedgehog pathway, Gli, PI3K, LY294002, arsenic
trioxide

Introduction

Colorectal cancer is the third leading cause of cancer-related death for both women
and men in the United States. Early diagnosis and surgical intervention combined with
other treatments, such as chemotherapy or radiation therapy, have resulted in dramati-
cally improved outcome.! However, limited effective strategies are available to treat
metastatic colon cancer or tumor recurrence. Further understanding of molecular and
cellular mechanisms of colon tumorigenesis, progression, and metastasis is critical
for the development of novel therapeutics. The role of signaling pathways and their
crosstalk in the establishment and maintenance of colorectal cancer are especially
important.2* Exploring the signaling pathways could provide insights into the discovery
of novel small-molecule inhibitors for the treatment of colorectal cancer.
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The Hedgehog (Hh) signaling pathway is a key pathway in
embryonic development, patterning of different organs, adult
tissue repair, and tumorigenesis.*® Recently, dysregulation
of the Hh pathway has been reported in a variety of tumors.
For example, the Hh signaling pathway is constitutively
active in medulloblastoma, basal cell carcinoma, small-cell
lung cancer, breast cancer, and pancreatic cancer.””'' Many
small-molecule inhibitors targeting the Hh pathway, including
GDC-0449/Vismodegib, have been tested in clinical trials
to treat basal cell, medulloblastoma, ovarian, pancreatic, or
metastatic colon cancers.!? Activation of the canonical Hh
pathway involves the binding of N-terminal forms of Hh to
the membrane receptor patched, which then releases the seven-
pass transmembrane protein smoothened (SMO). Once the
inhibition is relieved, SMO transduces the signal to zinc-finger
transcription factors Gli, which translocate into the nucleus
and activate the downstream gene transcription.'> Among
the three Gli family members, Glil results in the activation
of the Hh pathway downstream target genes, whereas Gli3
is a repressor of the signaling and Gli2 acts as a repressor or
activator depending on specific circumstances.'*!

The canonical Hh pathway plays important roles during
gastrointestinal development.® Although aberrant activation
of the Hh pathway has been reported in the oncogenesis of
esophageal, small-cell lung, gastric, and pancreatic cancers,
its role in colorectal cancer has not been fully understood.!
In this study, we sought to investigate the function and regu-
lation of the Hh pathway transcription factor Glil in colon
carcinoma cells by genetic and pharmacological manipulation
of Glil expression.

Materials and methods

Cell culture and reagents

Human colon carcinoma cell line HCT116 and HT29 were
purchased from the American Tissue Culture Collection
(Manassas, VA, USA) and maintained at 37°C in complete
Dulbecco’s Modified Eagle’s medium/F12 (Gibco, Grand
Island, NY, USA) supplemented with 10% fetal bovine
serum in humidified 5% CO,. The Hh signaling pathway
was activated using exogenous recombinant human Sonic
Hh (Shh) (R&D Systems, Minneapolis, MN, USA). The
specific inhibitors used in the study were arsenic trioxide and
LY294002 (Sigma-Aldrich, St Louis, MO, USA).

Gene expression analysis using
quantitative real-time polymerase
chain reaction (PCR)

Total RNA of treated cancer cells was isolated using Trizol
reagent (Invitrogen, Carlsbad, CA, USA) according to the

manufacturer’s instructions and was transcribed into comple-
mentary DNA with a Complementary DNA Synthesis Kit
(Bio-Rad, Hercules, CA, USA). Quantitative real-time PCR
was conducted using SYBR Green Supermix (Bio-Rad) in
an Applied Biosystems 7300 real-time PCR system. The
primers were purchased from Life Technologies (Grand
Island, NY, USA). The messenger RNA (mRNA) expres-
sion levels were calculated using the AACt method with
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as
an internal control.

Short interfering RNA (siRNA)

transfection in colon carcinoma cells
HCT116 or HT29 cells were seeded in six-well plates. After
an overnight incubation, the cells were transfected with
20 nM of either scrambled siRNA or siRNA targeting Glil or
Gli2 (Dharmacon, Lafayette, CO, USA) using INTERFERin
(Polyplus transfection) according to the manufacturer’s
instruction. The cells were collected 48 hours after transfec-
tion and subjected to quantitative real-time PCR or Western
blot to examine gene expression.

Western blot analysis

Total protein (50 pg) was electrophoresed through an 8%
sodium dodecyl sulfate polyacrylamide gel electrophoresis
gel and transferred to a nitrocellulose membrane using an
electrophoretic transfer chamber (Millipore, Darmstadt,
Germany). The blots were incubated with primary antibod-
ies overnight at 4°C followed by incubation with relevant
horseradish-peroxidase-conjugated secondary antibodies
for 1 hour at room temperature. The primary antibodies for
detecting Glil, cleaved poly adenosine diphosphate ribose
polymerase, phospho-Akt (Ser473), Akt, and GAPDH
were purchased from Cell Signaling (Danvers, MA, USA).
GAPDH was used as a loading control. The signal was
detected using an enhanced chemiluminescence Western blot
detection kit (Promega, Madison, WI, USA).

Cell viability assay

Colon carcinoma cells were seeded in 96-well plates
and treated with different concentrations of inhibitors as
indicated. Cell viability was measured using the CellTiter-Glo
luminescent assay (Promega) based on live cell adenosine
triphosphate levels.

Colony formation assay

For anchorage-dependent colony formation assay, can-
cer cells were seeded in six-well plates at a density of
500 cells per well and treated with inhibitors after 24 hours.
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Single colonies were cultured for 2 weeks and stained with
crystal violet. For anchorage-independent colony formation
assay, cancer cells were plated on a 0.5% soft agar layer at
a density of 10 cells per well in six-well plates. The number
of colonies was counted after 3 weeks.

Statistical analysis

The results were expressed as mean * standard deviation.
Student’s #-test was used for statistical analysis. P-values less
than 0.05 were considered as statistically significant.

Results

Glil regulates colon carcinoma

cell viability

In order to determine the function of the Hh pathway tran-
scription factor Glil in colon carcinoma cells, we specifically
reduced Glil gene expression using siRNA in HCT116 and
HT29 cells. Two siGlils decreased G/il mRNA expression
by 60% to 80% compared to control siRNA in HT29 cells
(Figure 1A). Glil protein expression in HT29 cells was also
significantly reduced compared to control cells (Figure 1A).
Importantly, decreased Glil expression caused a 40% to
60% reduction of HT29 cell viability. Western blot analysis
showed that siGlil increased the level of cleaved poly
adenosine diphosphate ribose polymerase, indicating that
knocking down Glil reduced cell viability through inducing
apoptosis in HT29 cells (Figure 1C). Similar results were
observed in HCT116 colon carcinoma cells, suggesting that
Glil plays a critical role in colon carcinoma cell viability
(Figure 1B).

In canonical Hh signaling pathway, Glil is an important
transcription factor in regulating the transcription of down-
stream target genes. Using quantitative real-time PCR, we
detected a significant reduction of Bc/2 and CCNDI mRNA
expression after Glil was knocked down by siRNA in HT29
cells, suggesting that Glil is a key modulator in the Hh path-
way network (Figure 1D). We then tested whether Gli2 is also
involved in the regulation of colon carcinoma cell growth
since Gli2 belongs to the Gli family. Quantitative real-time
PCR revealed that two siRNAs targeting Gli2 significantly
decreased G/i2 mRNA expression in HT29 cells (Figure 2A).
In addition, siRNA-induced reduction of Gli2 expression
dramatically inhibited HT29 cell growth in vitro. Knocking
down both Glil and Gli2 by siRNA significantly reduced
HT29 cell growth by approximately 85% (Figure 2B). These
data suggested that both Glil and Gli2 are involved in colon
carcinoma cell growth.

Synergistic inhibition of colon
carcinoma cell growth by arsenic
trioxide and PI3K inhibitor LY294002

Arsenic trioxide has been approved by the Food and Drug
Administration for the treatment of acute promyelocytic
leukemia. Studies showed that arsenic trioxide induces apop-
tosis at high concentrations in acute promyelocytic leukemia
cells.'® Kim et al recently reported that arsenic trioxide is able
to block Hh-induced ciliary accumulation of Gli2 and reduce
the steady-state level of Gli2 in medulloblastoma cells."’
Therefore, we tested whether arsenic trioxide could reduce
Glil/2 expression in colon cancer cells. Quantitative real-time
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Figure | Knocking down Glil reduces colon carcinoma cell growth.

Notes: (A and B) Glil mRNA expression detected by quantitative real-time PCR and Glil protein expression detected by Western blots in HT29 and HCT 116 cells
transfected with scramble siRNA or two different siGlil for 48 hours. (C) Cell viability measured by CellTiter-Glo luminescent assay in HT29 cells transfected with siGlil
for 48 hours. Transfection of HT29 cells with siGlil increased the level of cleaved PARP protein. (D) Bcl2 and CCND I mRNA expression in HT29 cells treated with control
or siRNA targeting Glil. n=3, *P<<0.05, **P<<0.01.

Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; mRNA, messenger RNA; PARP, poly adenosine diphosphate ribose polymerase; PCR, polymerase
chain reaction; siRNA, short interfering RNA.
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Figure 2 Inhibition of Gli2 reduces HT29 cell growth in vitro.
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Notes: (A) Quantitative real-time PCR showed that transfection of HT29 cells with siGli2 for 48 hours decreased Gli2 mRNA expression compared to control cells.
(B) CellTiter-Glo luminescent assays revealed that siGlil, siGli2, and the combination inhibited HT29 cell growth. n=3, *P<<0.05, **P<<0.01.

Abbreviations: mRNA, messenger RNA; PCR, polymerase chain reaction.

PCR showed that 5 UM arsenic trioxide dramatically
reduced both G/il and Gli2 mRNA expression in HT29
cells (Figure 3A and B). We also found that treatment with
recombinant human Shh significantly increased both G/i/ and
Gli2 mRNA expression in HT29 cells, which is consistent
with previous reports (Figure 3A and B). Figure 3C and D
show that arsenic trioxide treatment also inhibited Glil down-
stream gene expression, such as CCNDI and Bcl2. Western
blot analysis showed that treatment of HT29 cells with 10
UM arsenic trioxide for 48 hours significantly reduced Glil
protein expression (Figure 4A). Cell viability assay revealed
that 3 or 10 uM arsenic trioxide treatment significantly
decreased HT29 cell growth (Figure 4B). As a positive
control, recombinant human Shh promoted HT29 cell pro-
liferation. Moreover, anchorage-dependent and independent
colony formation assays showed that 3 UM arsenic trioxide
significantly reduced the colony forming ability in HT29
cells (Figure 4C and D). The findings suggested that arsenic
trioxide not only decreases Glil and Gli2 expression, but also
impairs colon cancer cell viability and clonogenicity.

We next sought to determine the mechanisms by
which Glil is tightly regulated in colon carcinoma cells.
Since Glil is a transcription factor of the Hh pathway,
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we treated HT29 cells with KAAD cyclopamine (3-Keto-
N-aminoethyl-N’-aminocaproyldihydrocinnamoyl cyclo-
pamine), a potent inhibitor of SMO, and observed significant
growth inhibition compared to control cells (unpublished
data). More recently, many reports demonstrated that several
signaling pathways crosstalk with the canonical Hh pathway,
including transforming growth factor, mitogen-activated
protein kinase kinase (MEK)/extracellular signal-regulated
kinases (ERK), PI3K/Akt, and nuclear factor kappa-light-
chain-enhancer of activated B cells pathways.'® We examined
whether Glil expression is also regulated by other signaling
pathways in colon carcinoma cells using specific kinase
inhibitors. Figure 4E and F shows that exposure of HT29
cells to PI3K inhibitor LY294002 at 20 or 40 uM significantly
reduced cell proliferation and Glil protein expression. Since
both PI3K inhibitor LY294002 and arsenic trioxide regulate
Glil protein expression and colon carcinoma cell growth in
vitro, we questioned whether the combination of two inhibi-
tors could display a more potent anticancer effect. To address
the question, we treated HT29 and HCT116 cells with dif-
ferent doses of arsenic trioxide and LY294002 alone or in
combination (different doses of LY294002 in the presence of
1 uM arsenic trioxide) for 5 days followed by cell viability
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Figure 3 Exposure of HT29 cells to 5 UM arsenic trioxide for 48 hours significantly reduced Glil, Gli2, CCND I, and Bcl2 mRNA expression.
Notes: Treatment of HT29 cells with 0.5 ig/mL recombinant human Shh significantly increased Glil, Gli2, CCND/, and Bcl2 mRNA expression (n=3, *P<<0.05, *P<0.01).
Abbreviations: mRNA, messenger RNA; PCR, polymerase chain reaction; Shh, Sonic Hedgehog.
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Figure 4 Both arsenic trioxide and PI3K inhibitor LY294002 reduce Glil expression and cell growth in HT29 cells.
Notes: (A and B) Treatment of HT29 cells with 3 or 10 UM arsenic trioxide inhibited Glil protein expression and cell growth. Stimulation with 0.5 pg/mL recombinant

human Shh enhanced HT29 cell proliferation. (C and D) Exposure of HT29 cells to 3

UM arsenic trioxide reduced liquid colony formation and soft agar colony formation.

(E and F) Western blots showed that 20 or 40 pM LY294002 decreased phospho-Akt level and Glil protein expression. LY294002 treatment also inhibited HT29 cell

proliferation (n=3, *P<<0.05, **P<<0.01).

Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PI3K, phosphoinositide 3-kinase; Shh, Sonic Hedgehog.

assays. We found that 1 uM arsenic trioxide significantly
reduced the half maximal inhibitory concentration (IC,)) of
LY294002 in both cell lines (Figure 5A and B). Based on the
Chou-Talalay model, we calculated the combination index
was 0.42 in HT29 cells and 0.48 in HCT116 cells, indicating
that blocking the PI3K pathway and arsenic trioxide confer
synergism in decreasing colon carcinoma cell growth.

Discussion

Ectopic activation of the Hh signaling pathway has been
identified in a variety of malignant tumors including
colorectal cancer.'”? This indicates that the Hh pathway
inhibitors are potential therapeutic strategies for colon
cancer treatment. In the current study, we found that the
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Hh pathway transcription factor Glil and Gli2 are critical
in controlling colon carcinoma cell proliferation. Besides
the Gli inhibitor arsenic trioxide, the PI3K/Akt pathway
inhibitor effectively suppresses Glil protein expression in
colon carcinoma cells. More importantly, blocking PI3K/Akt
pathway by LY294002 shows synergistic antitumor activity
with arsenic trioxide in colon cancer cells. Our data strongly
support that the canonical Hh pathway and PI3K signaling
pathway converge to and regulate Glil expression and colon
carcinoma cell survival.

Until now, there were three major groups of the Hh
pathway inhibitors: Shh neutralizing antibodies, SMO
antagonists, and Glil/2 inhibitors.!*! Cyclopamine, a plant-
derived steroid, has been demonstrated to have antitumor
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Figure 5 PI3K inhibitor LY294002 and arsenic trioxide synergistically inhibit colon carcinoma cell growth.
Notes: (A and B) HT29 and HCT | 16 cells were treated with different doses of LY294002 and arsenic trioxide alone or in combination for 5 days followed by cell viability assay.

Abbreviation: PI3K, phosphoinositide 3-kinase.
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activity in preclinical models through binding to and
inactivating SMO.?22 We found that KAAD cyclopamine
significantly decreased colon carcinoma cell proliferation
and Glil protein expression. With the impressive success of
the SMO inhibitor vismodegib in the treatment of basal cell
carcinoma, the Hh pathway inhibitors have become novel
targeted therapies for cancer.”? Therefore, many clinical
trials using distinct Hh inhibitors alone or in combination
with other chemotherapy to treat different malignant tumors
including colon cancer have been carried out.'> GANT61
and GANTS8 are small molecules targeting both Glil
and Gli2 and effectively block Gli transcriptional activity
partially through interfering Gli DNA binding.”? We found
that arsenic trioxide alone decreased cell viability in both
HCT116 and HT29 human colon carcinoma cell lines, and
that the combination of arsenic trioxide with PI3K inhibitor
LY294002 more potently inhibited cell growth. These find-
ings indicate that directly targeting Glil and blocking its
upstream regulators together could deliver better anticancer
effect in colon carcinoma cells.

Our data and other reports showed a complex G/i/ gene
regulatory network in colon carcinoma cells.** Besides
canonical Hh pathway components, such as SMO, PTCH,
and Sufu, recent findings suggested the crosstalk between the
Hh signaling and oncogenic or tumor suppressive signaling is
involved in regulating Glil activity.? For example, oncogenic
pathways Ras-Raf-MEK or PI3K-Akt-mechanistic-target-of-
rapamycin and tumor suppressors phosphatase and tensin
homolog or p53 crosstalk with the Hh pathway in certain
tumors.'*2-0 Since they are key pathways in the regulation
of cell proliferation and survival, aberrant activation of these
pathways and abnormal Glil activity lead to uncontrolled
proliferation in human cancers.!* Stecca et al reported that
endogenous Ras-Raf-MEK and Akt signaling pathways
regulate the nuclear translocation and transcriptional activ-
ity of Glil in melanoma and other cancer cells.?! Seto et al
showed that mitogen-activated protein kinase signaling
pathways regulate Gli activity through a Sufu-independent
process in gastric cancer.’ In addition, Ji et al demonstrated
that oncogenic KRAS is involved in the activation of the Hh
pathway through Raf-MEK-ERK signaling in pancreatic
ductal adenocarcinoma cells.? All these studies shed light
on the molecular mechanisms by which the Hh pathway
mediates carcinogenesis.

Although extensive studies have revealed a lot of details
about the mechanisms and functions of the Hh pathway in
human cancers, there are still big gaps between the under-
standing of the Hh pathway and its clinical application.

For example, why are non-canonical Hh pathways activated
and involved in Glil regulation in tumors? How is tumor
type-specific response determined? What is the mechanism of
gene regulation by Glil protein in different cancers? Further
studies will be needed to address these issues.

In conclusion, data presented in this study defined the
inhibitory effects of siGlil and the Hh-Gli inhibitor arsenic
trioxide on colon carcinoma cell viability. We found that
Glil is regulated by both the canonical Hh pathway and
the PI3K/Akt pathway, and that combination therapy with
arsenic trioxide and LY 294002 had a synergistic therapeutic
effect on colon cancer. Our work provides strong evidence
for targeting colon carcinoma cells through blocking both
PI3K and the Hh pathway.
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