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Abstract

Aim: Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-associated death. The Sonic
Hedgehog (SHH) signaling pathway participates in the initiation, progression, migration, and recurrence of HCC
cancer stem cells. Furthermore, SHH regulates various cellular behaviors such as proliferation, differentiation,
survival, self-renewal, epithelial-mesenchymal transition (EMT), and SHH autoregulation. Glioma-associated
oncogene (GLI) family zinc finger are key transcription factors in the development of many organs and are
deregulated in cancer. In this study, Huh-7 cells were treated with GLI-specific decoy oligodeoxynucleotide (ODN)
to evaluate its anticancer impact.
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Methods: The transfection efficiency of GLI-specific decoy ODN was measured using fluorescent microscopy.
Then, the effects of GLI-specific decoy ODN on apoptosis, viability, proliferation rate, colony formation, and
migration capacities of Huh-7 cells were assessed. Furthermore, the expression of genes associated with the
alteration of SHH was assessed.

Results: Treatment of Huh-7 cells with GLI-specific decoy ODN decreased cell viability (56.36% =+ 3%). Expression
of certain genes such as ¢c-MYC, SNAI2, ZEB1, and PROMT1 decreased dramatically, while the expression of CDH1
increased significantly. Furthermore, the treated cells’ proliferation, colony formation, and migration capacity
decreased considerably. This treatment induced apoptosis in the Huh-7 cells.

Conclusion: Inhibition of the SHH signaling pathway using GLI-specific decoy ODN led to a decline in the growth
rate of HCC cells, decreased migration, and attenuated EMT progression.

Keywords: Hepatocellular carcinoma, decoy oligodeoxynucleotide, glioma-associated oncogene (GLI), sonic
hedgehog signaling pathway, proliferation, colony formation, migration

INTRODUCTION

The most common and malignant type of liver cancer is hepatocellular carcinoma (HCC)". Due to the lack
of early diagnosis methods, people with HCC usually face limited treatment options and poor prognosis®.
To effectively treat patients, surgical modalities are commonly employed as the first-line treatments for
HCC, which include tumor resection and liver transplantation. Unfortunately, less than 20% of the
diagnosed patients meet the criteria for surgical approaches. The recurrence rate of HCC after cross-
sectional surgeries is 15%-20%, while in individuals who have undergone liver transplantation, it surges to
57%-75%". Global statistics indicate an average survival rate of five years. In terms of gender, men are more
prone to liver cancer, which ranked as the second most fatal cancer worldwide for both sexes and all age
groups in 2020, Inflammation and chronic liver damage are the key drivers of the development and
progression of HCC™. One of the leading causes of malignancy is the dysregulation of specific signaling
pathways, which leads to aberrant changes in the expression profile of cells. Therefore, targeting the key
players of irregular signaling pathways seems to be a promising therapeutic approach in cancer medicine'”.
Notch, WNT, transforming growth factor-beta (TGF-8), receptor tyrosine kinase (RTK), and Sonic
Hedgehog (SHH) signalings [Supplementary Figure 1A] are among the most critical pathways that
contribute to HCC development and progression*.

The SHH pathway is naturally inactive in mature and healthy hepatocytes”'". In a healthy liver, hepatic
stellate cells (HSCs) and endothelial cells produce significant Hedgehog interacting protein (HHIP). The
binding of HHIP to the SHH ligand prevents it from binding to SHH-responsive target cells, thereby
inhibiting the pathway"”. However, liver tissue damage induces the SHH pathway in hepatocytes, bile duct
cells, and hepatic stellate cells. Activation of this pathway facilitates damaged liver cells’ regeneration and
healing process'.

Risk factors such as an unhealthy diet, hepatitis B and C viral infections, exposure to aflatoxin, and diseases
such as non-alcoholic fatty liver disease (NAFLD) irritate liver cells"***.

By inhibiting the protein patched homolog (PTCH) receptor, the SHH ligand activates the proto-
oncoprotein Smoothened (SMO) receptor. The activated SMO inhibits the negative regulatory factor
suppressor of fused homolog (SuFu), perpetrating the release of glioma-associated oncogene homolog (GLI)
transcription factor and its translocation into the nucleus. Without the SHH ligand, PTCH inhibits SMO,
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and GLIs are phosphorylated by protein kinase A (PKA)/casein kinase 1 (CK1)/glycogen synthase kinase 3
(GSK3) complex"*\. After the translocation of the GLI transcription factor inside the nucleus, it binds to
the promoters of target genes and regulates them'”. The expression of these genes plays a key role in the
proliferation regulation of hepatocytes, the strengthening of liver cancer stem cells, the differentiation of

8,9,13,18]

these cells into lost epithelial cells, especially hepatocytes, and the regeneration of vessels'

SHH activity is correlated to the severity of liver damage. Excessive production and secretion of SHH
ligands from damaged cells such as hepatocytes, natural killer T cells, hepatic stellate cells, and activated
endothelial cells induce SHH activity. The activity of the SHH pathway does not inhibit the repair process
and cell death due to the reduction of caspase-9""*'.

The SHH signaling pathway facilitates cell proliferation and carcinogenesis by increasing the expression of
cyclin B1 and cyclin-dependent kinase 1 (CDK1) proteins™". Different studies have shown that in HCC
cells, unlike healthy hepatocytes, genes related to pathway components such as SHH, PTCH, GLI, and SMO
are abnormally overexpressed. This increased expression causes HCC tumor growth***". Following the
activation of the SHH pathway and GLI transcription factor, affected cells demonstrate cancerous
phenotypes, including the proliferation of HCC cells, the epithelial-mesenchymal transition (EMT) process,
and migration of HCC cells. In addition, a cancer stem cell marker observed apoptosis inhibition, increased

8,22]

cancer cell survival, and expression of CD133!

Considering the importance of the SHH signaling pathway in carcinogenesis, several studies have been
conducted with different approaches to inhibit this pathway at various levels of ligand, SMO regulatory
factor, and GLI transcription factor on HCC tumor cells and other cancers. Given the key role of the SHH
pathway and GLI transcription factor in the growth and progression of many cancers, especially HCC
tumors, inhibition of this pathway has been considered for targeted control of cancer. In this regard, some
studies have shown that targeted inhibition of this pathway leads to a reduction in cancerous phenotypes,
such as high cell proliferation rate, migration, invasion, and angiogenesis, as well as the induction of
apoptosis in the HCC cells and other cancers™**”,

Nucleic acid-based active biomolecules, representing a new class of potential bioactive medications, can
induce/inhibit many molecular pathways. Many experimental and translational studies use biomolecules
such as siRNA, miRNA, shRNA, efc.”*",

Accordingly, researchers have developed an innovative targeted approach in cancer treatment using decoy
oligodeoxynucleotide (ODN). Under normal circumstances, the transcription factor binds to a specific
sequence (10-6 bp) in the promoter region of its target genes. This gene-protein binding sequence is
specified for a transcription factor but may differ by several base pairs in the promoter regions of different
genes. In this case, a canonical and common motif is defined for the correct binding of the transcription
factor to its specific promoter. Decoy also has minimal effect on inactive transcription factors and normal
cells, which is one of the strengths of this approach among other new treatment modalities"".

Decoy ODN is a short, double-stranded oligodeoxynucleotide whose sequence is designed based on the
promoter sequence of the binding site of the target transcription factor. This oligodeoxynucleotide can be
introduced into the cell by different methods. Decoy ODN aligns with the target transcription factor and
inhibits the initiation of the transcription process”>*. So far, various methods have been used to inhibit the
SHH pathway in HCC cells. In this study, we used the specific decoy ODN to trap the GLI transcription
factor in HCC cells, inhibiting the downstream target genes. It is demonstrated that using decoy ODN
reduced the expression of GLI-downstream target genes and attenuated cancerous phenotypes.
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MATERIALS AND METHODS

Cell culture

The HCC cell line, Huh-7, was obtained from the Royan Stem Cell Bank (Tehran, Iran). Huh-7 cells were
cultivated in Dulbecco’s modified Eagle’s medium (DMEM)/high glucose (Gibco, 11960-044, US)
supplemented with 10% fetal bovine serum (FBS, Gibco, 16140-071, US), 1% penicillin/streptomycin (Pen/
Strep, Gibco, 15070-063, US), 1% L-glutamine (Gibco, 25030-024, US), and 1% minimum essential medium
(MEM) non-essential amino acids (Gibco, 11140-035, US), at a temperature of 37 °C with 90% humidity
and 5% CO,.

GLI-specific decoy ODN

Twenty-Mer GLI-specific phosphorothioated decoy ODNs (GLI-specific decoy ODN) were designed based
on the IFITM5 human gene (Metabion AG, Germany). Sense and antisense strands (5°-
CGCCTCGAGACCACTTGATC, GCGGAGCTCTGGTGAACTAG-3’) were dissolved in sterile Tris/
EDTA buffer, annealed at 85 °C for 8 min, then cooled gradually to reach room temperature, and were
finally stored at -20 °C.

Transfection procedure

The optimal ratio of DNA to transfection reagent was determined to be 1:2. The cationic lipid transfection
reagent (X-tremeGENE HP DNA, Roche, Sigma-Aldrich, 06366236001, US) was used to transfect ODNs to
the cells. GLI-specific decoy ODNs were also labeled by Cy3 fluorescent dye for intracellular tracking and
transfection efficiency. GLI-specific decoy ODN and transfection reagent were mixed in a 96-well plate, and
after 30 min of incubation, the complex was added to the cells in a dropwise manner. Transfections were
carried out using FBS-free media. After 6 h of incubation, the medium of the cells was changed to a
complete medium. All experiments were done and assayed 48 h after decoy transfection (post-transfection),
except for transfection efficiency (at 6, 24, and 48 h post-transfection) and colony formation assay (14 days
after transfection) [Supplementary Figure 1B]. For this study, we considered three experimental groups. The
control group was Huh-7 cells that had not received any treatment. The next group consists of cells treated
only with transfection reagents called the vehicle group. The treatment group is those who received GLI-
specific decoy ODNs through transfection reagents. HCC cell lines (Hep-3B, HepGz2, and Huh-7) were
obtained from the Royan Stem Cell Bank at Royan Stem Cell Biology Institute, Tehran, Iran.

Dose escalation and cell viability

Cell viability was evaluated by the neutral red uptake assay (ab234039, Abcam, UK) in all three experimental
groups (Control, Vehicle, and GLI-specific decoy ODN). First, 30 x 10° cells/well were seeded in 48-well
plates and transfected by different concentrations of GLI-specific decoy ODN (450, 850, and 1250 nM).
After 48 h, the medium was removed, and 2 uL of the neutral red solution (5 mg/mL) was added to each
well and incubated at 37 °C for 40 min in dark conditions. Then, the media were removed and washed with
phosphate-buffered saline (PBS). Afterward, 0.05 ml of acetic acid (100063, Sigma-Aldrich, US) solvent
buffer was added to each well and incubated for another 20 min. Finally, the optical absorption of the wells
was measured at a wavelength of 540 nm using an ELISA reader (Thermo Scientific).

Transfection efficiency

Huh-7 cells were grown in 4-well plates at a density of 6 x 10° cells/well. At the confluence of 70%, the cells
were transfected with Cy3-labeled decoy ODNs (850 nM). The treated cells were observed at 6, 24, and 48 h.
Nuclei of the cells were stained by 0.5 pL/well of Hoechst dye (B2261, Sigma-Aldrich, US) and washed with
PBS. Intracellular cy3-labeled GLI-specific decoy ODN was tracked using fluorescent microscopy (Olympus
IX71).
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Gene expression analysis (quantitative RT-PCR)

Total RNA was isolated according to the manufacturer’s protocol, Nucleospin' RNA II Kit (MN, 740955.50,
Germany). In the reverse transcription reaction, cDNAs were synthesized from 1 pg of total purified mRNA
with PrimeScript™ 1st strand cDNA Synthesis Kit (Takara Bio, 6110A, Japan), according to the
manufacturer’s protocol. qRT-PCR was performed to evaluate mRNA expression levels in each sample with
the SYBR Green master mix (Takara, RR820, Japan) and Step One Plus Real-time PCR System (Applied
Biosystems, US). Initially, denaturation was performed at 95 °C for 10 min; then, the following thermal
cycles were repeated 45 times: 95 °C for 30 s, 60 °C for 1 min, and 72 °C for 30 s. The average expression of
the housekeeping gene was used to normalize the cDNA levels, and data analysis was performed by the
comparative CT method (222®). The primer sequences used in this study are listed in Table 1.

Cell proliferation (Bromodeoxyuridine incorporation assay)

Bromodeoxyuridine (BrdU) assay kit (11296736001, Roche, Sigma-Aldrich, US) was used to determine the
potency of GLI-specific decoy ODN in inhibiting HCC cell proliferation. Huh-7 cells were plated on a
48-well plate 10* cells/well and then treated with the selected concentration of GLI-specific decoy ODN
(850 nM). After 48 h of incubation, when the cells reached 50% confluency, BrdU labeling solution (10 mM,
200 pL/well) was added at 37 °C for 1 h; this was done according to the manufacturer’s protocol. Cells were
then fixed, washed, and stained. The nuclei were counterstained with DAPI (10 pg/mL, Sigma-Aldrich,
Ds417) for 15 min at room temperature. The average number of BrdU-positive cells was counted in 5-10
different high-power fields for each well and expressed as the percent of all cells. The fluorescent
micrographs were captured using a fluorescent microscope (Olympus IX71).

Colony formation assay

The impact of GLI-specific decoy ODN on the colony-forming potency of Huh-7 cells was investigated in
control, vehicle, and GLI-specific decoy ODN-treated groups. In the transfection procedure, Huh-7 cells
were seeded at a density of 3.5 x 10° cells/well in a 6-well plate and transfected. After 24 h, adherent cells
were harvested in all experimental groups, and single cells (700 cells/well) were plated in a 6-well plate.
Then, the plated cells were incubated at 37 °C (with 90% humidity and 5% CO,) and monitored for 14 days.
The media exchange of each group (the decoy ODNs, reagents, and culture medium) was performed every
four days. Colonies were fixed with 4% paraformaldehyde solution, stained with 0.2% crystal violet, and
then imaged. In the next step, the total enumeration and surface area of the emerged colonies were
automatically measured via the Image] 1.52a software.

Transwell® migration assay

Based on the following outlines [Supplementary Figure 1B], the Transwell migration assay was performed
in 24-well inserts (8.0 pm pore size; SPL, 36224, Korea). First, 5 x 10° cells/well of each group (GLI-specific
decoy ODN, vehicle, and control) in a serum-free DMEM were plated and transfected in the top chamber
inserts. Serum-enriched DMEM (10% FBS) was added to the lower chamber and incubated for 48 h. Then,
the medium and the unmigrated cells were removed from the top chamber using cotton swabs and PBS.
The migrated cells that had penetrated to the other side of the chamber were fixed with 70% Ethanol for
30 min and stained with a 0.2% crystal violet solution for 2 h. Eventually, the migrated cells were counted
and imaged via a phase-contrast microscope (Olympus, IX71, Japan) in five random fields (magnification,
%100).

Cell apoptosis assay
Cells were seeded into the 6-well plates (a density of 1.5 x 10° cells/well) and transfected for the cell
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Table 1. List of the sequence of primers used for gRT-PCR

Target genes Primers
GAPDH' F:5'-CTCATTTCCTGGTATGACAACGA-3'
R:5-CTTCCTCTTGTGCTCTTGCT-3'
c-MYC F: 5-ACACATCAGCACAACTACG-3'
R:5-CGCCTCTTGACATTCTCC-3'
SNAI2® F: 5-CGAACTGGACACACATACAGTG-3'
R: 5-CTGAGGATCTCTGGTTGTGGT-3'
ZEBTP F: 5-TTCACAATTACTCACCTGTCCA-3'
R:5-TGCGTCACATGTCTTTGATCTC-3'
CDHT* F: 5-AATCACATCCTACACTGCCC-3'
R: 5'-GCAACTGGAGAACCATTGTC-3'
CDH2® F: 5-AGCCAACCTTAACTGAGGAGT-3'
R:5-GGCAAGTTGATTGGAGGGATG-3'
PROM1® (CD133) F: 5-AGTCGGAAACTGGCAGATAGC-3'
R:5-GGTAGTGTTGTACTGGGCCAAT-3'

1Glyceraldehyde 3-phosphate dehydrogenase; 2Glyceraldehyde 3-phosphate dehydrogenase; 3Glyceraldehyde 3-phosphate dehydrogenase;
4GcheraIdehyde 3-phosphate dehydrogenase; 5Glyceraldehyde 3-phosphate dehydrogenase; 6GcheraIdehyde 3-phosphate dehydrogenase.

apoptosis assay. After 48 h of transfection, all cells were collected via trypsinization and centrifuged at 4 °C
for 5 min at 1,200 rpm. Then, the cells were stained with Annexin V and propidium iodide (APOAF, Sigma)
according to the manufacturer’s protocol. Cell apoptosis of all experimental groups was evaluated via flow
cytometry (BD FACSCalibur), and data analysis was conducted by the Flow]Jo program (v.7 software).

Statistical analysis

All the data were analyzed using one-way ANOVA with GraphPad Prism 9.0 software. Data are reported as
mean + standard deviation (SD) for at least three independent biological experiments. The *P < 0.05,
**P<0.01, ***P<0.001, and ***P < 0.0001 values were considered statistically significant.

RESULTS

The activation of GLI is required for the survival of Huh-7 cells

To explore the connection between the SHH signaling pathway, EMT, stemness, and cell tumor growth, a
protein-protein interaction (PPI) network was constructed using the STRING database. This network aimed
to identify crucial hub genes associated with these functions. The collected data underwent purification, and
network centrality parameters (specifically, betweenness, closeness, and eigenvector) were computed using
Gephi-0.9.2 software. In silico data analysis revealed the pivotal role of GLI2 activation in SHH signaling,
stemness genes, and EMT. The results announced that GLI2 exhibited the highest degrees of closeness
centrality (0.69), betweenness (364.36), and eigenvector (0.84), establishing it as the most significant central
hub protein within this PPI network [Figure 1A].

As shown in Figure 1B, the GLI gene’s expression is higher in the Huh-7 cell line compared to the other
examined hepatoma cell lines. A neutral red uptake assay was used to evaluate the effect of GLI-specific
decoy ODN on Huh-7 cell viability. Our results demonstrated that a concentration of 850 nM GLI-specific
decoy ODN entailed the most significant cell viability reduction (56.36% + 3%, ****P < 0.0001) in
comparison to the other evaluated concentrations (450, 1,250 nM) [Figure 1C]. Therefore, we chose this
concentration for the transfection of cells, and for the rest of the study, there was no significant difference
between the control and vehicle groups.
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stemness, and EMT-involved proteins was obtained from the STRING database and purified by Gephi software. This network shows the
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technical concerns; (C) The impact of decoy ODN on the cell viability of Huh-7 cells was evaluated by the Neutral red uptake assay at
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(56.36% + 3%) compared to control (99.39% + 3%) and vehicle (89.08% + 3%) groups (Vertical stars are representative of
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bars, 100 um). Quantification of transfected cells demonstrated the highest transfection efficiency at six hours post-transfection
(68.38% + 7%). Data are presented as the mean = SD for three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001,
****p <0.0001. GLI: Glioma-associated oncogene; SHH: Sonic Hedgehog; EMT: epithelial-mesenchymal transition; HCC: hepatocellular
carcinoma; ODN: oligodeoxynucleotides; SD: standard deviation.
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Huh-7 cells were transfected with 850 nM Cy3-labeled decoy, and appropriate micrographs were taken
during a 48-h period. The fluorescent micrographs [Figure 1D] indicated that after 6 h of transfection,
about 68.38% + 7% (**P < 0.01) of the cells were positive for Cy3-labeled decoy ODN. However, the
transfected cell percentage reduced in a time-dependent manner, reaching 50.07% + 6% after 24 h and
37.01% + 10% after 48 h post-transfection.

GLI-specific decoy ODNs altered the expression pattern of GLI target genes and cell proliferation

To evaluate the effects of GLI-specific decoy ODN treatment on the expression levels of the GLI target
genes, 48 h post-transfection, total RNAs of the three experimental groups were extracted. Following cDNA
synthesis, the gene expression analysis was performed using qRT-PCR analysis [Figure 2A and B]. The
transcripts for the stemness markers PROM1 (CD133) and ¢-MYC, as well as the EMT markers ZEB1 and
SNAI2, dramatically decreased in the GLI-specific decoy ODN-treated cells compared to the control and
vehicle groups [Figure 2A and B]. Moreover, considering the “cadherin switch” which is a hallmark of the
EMT-MET shift, at the gene expression level, we found a significant upregulation in CDH1 (E-cadherin)
expression in the GLI-specific decoy ODN-treated group in comparison to the control group [Figure 2B].
Upregulation in CDH2 (N-cadherin) expression also happened in the treated group.

Cell proliferation analysis of the Huh-7 cells was performed after 48 h of treatment with GLI-specific decoy
ODN . As represented in Figure 2C, the population of BrdU-positive cells in the GLI-specific decoy ODN-
treated group significantly reduced compared to the control and vehicle ones (**P < 0.01).

GLI-specific decoy ODNs reduced the colony formation and migration capacity of the Huh-7 cell line
Concordant with the abovementioned results, colony formation assay showed that GLI-specific decoy
ODN-treated cells noticeably impaired the colony formation potency of Huh-7 cells compared to the
control and vehicle groups [Figure 3A]. As shown in Figure 3B, the mean area of colonies (pixel > 60, via
Image] 1.52a software analysis) and surviving fraction’s percentage of GLI-specific decoy ODN-treated
group decreased significantly compared to the control and vehicle groups.

To validate whether the GLI-specific decoy ODN treatment of Huh-7 cells, in addition to reducing
transcripts for EMT genes, could also affect their migration capacity, we used the Transwell migration assay
[Figure 3C]. GLI-specific decoy ODN-treated cells showed significantly less cell migration potential through
chamber membrane pores than the control and vehicle groups [Figure 3D].

GLI-specific decoy ODNs treatment induced apoptosis in Huh-7 cells

Evaluating cell apoptosis rate using annexin V and PI, we found a significant increase in early and late
apoptotic cells following GLI-specific decoy ODN treatment compared to the control and vehicle groups
[Figure 4A and B].

DISCUSSION

Hepatocellular carcinoma (HCC) is the most common liver malignancy and the second leading cause of
cancer death worldwide'. The current treatments for patients with HCC face many challenges, such as
drug-induced toxicity and various side effects”". Therefore, researchers are trying to replace the current
therapeutic methods with alternative therapies.

Alcohol, aflatoxin, and hepatitis B and C viral infections are the main culprits of severe liver damage***.
Liver damage leads to dysfunction or disruption of signaling pathways, followed by the aberrant expression
of genes related to cancer phenotypes, such as uncontrolled proliferation, aggressive invasion and metastasis
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Figure 2. GLI-specific decoy ODN affects gene expression pattern and cell proliferation. (A and B) The GLI-decoy treatment
significantly affected the transcripts of GLI-related genes associated with stemness and EMT in Huh-7 cells compared to the control
and vehicle treatments; (C) GLI representative fluorescent micrographs and quantification of the BrdU assay demonstrated that in
comparison to the control and the vehicle groups, cell proliferation of Huh-7 dramatically decreased following GLI-specific decoy ODN
treatment. The BrdU-positive cells are green, and the nuclei in blue are counterstained with DAPI (scale bars, 100 um). Data are
presented as the mean + SD for three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. GLI: Glioma-
associated oncogene; ODN: oligodeoxynucleotides; EMT: epithelial-mesenchymal transition; BrdU: Bromodeoxyuridine; SD: standard

deviation.
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Figure 3. GLI-specific decoy ODN treatment decreased colony formation capacity and migration potential in the Huh-7 cell line. (A)
The colony-formation assay indicated a significant reduction in the proliferative ability of Huh-7 cells after GLI-specific decoy ODN
treatment. The same image as above after automatically identifying the wells via the Imagel) 1.52a software analysis. The image was
converted into an 8-bit grayscale, and spaces between wells were removed using a mask; (B) The average area of colonies and the
percentage of the surviving fraction decreased in treated Huh-7 cells compared to vehicle and control groups; (C)The Transwell’
migration assay. (Scale bars, 100 um); (D) To quantify the migration potential, the number of migrated cells was counted from five
randomly selected fields under a phase-contrast microscope. Compared to the control and vehicle groups, the GLI-specific decoy ODN-
treated group significantly reduced the number of migrated cells. *P < 0.05, **P < 0.01, ***P < 0.001. GLI: Glioma-associated oncogene;
ODN: oligodeoxynucleotides.
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Figure 4. GLI-specific decoy ODN treatment induced apoptosis in the Huh-7 cell line. (A) The dot plots for flow cytometry analysis of
apoptotic cells stained by annexin V/PI; (B) The apoptosis rate significantly increased in GLI-specific decoy ODN-treated cells
compared to the control and vehicle groups (Early apoptosis: Control: 4.37%, Vehicle: 5.51%, GLI-decoy: 6.09%, Late apoptosis:
Control: 10.09%, Vehicle: 8.85%, GLI-decoy: 25.9%). Data are presented as the mean + SD for three independent experiments.
*P<0.05, **P < 0.01. GLI: Glioma-associated oncogene; ODN: oligodeoxynucleotides; SD: standard deviation.

of cancer cells, and apoptosis inhibition™*". Specific signaling pathways are activated in cancer cells to
facilitate their survival in harsh conditions and promote tumor progression”. Therefore, inhibiting the
critical signaling pathways and targeting their essential components may offer novel cancer treatments"”.
Unlike in healthy hepatocytes, the SHH signaling pathway is one of the most critical pathways activated in
liver cancer cells”. In addition, this signaling pathway has several crosstalks with other pathways,
particularly with Notch, Wnt, TGF-p, and mTOR/SeK1"®"****]. GLI transcription factor is activated in the
SHH pathway and induces the genes associated with cancer phenotypes'®*.

According to some studies, using the decoy ODN method suppresses the function of specific transcription
factors as a central component in the signaling pathways and selectively regulates, modifies, or inhibits the
expression of downstream genes and their linked phenotypes”>**?. Considering the importance of the SHH
signaling pathway in carcinogenesis™*?*** and based on the effective results of applying the decoy ODN
strategy”>******| in previous research, this study was formed.
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We acknowledge the heterogeneity of cancer cells in HCC. The three most frequently used cell lines are
Hep3B, HepG2, and Huh-7. However, we decided to use Huh-7 cells in our study because they primarily
represent the features of adult HCC and are known as the most well-differentiated hepatic cancer cells.
Indeed, Huh-7 cells were taken from a liver tumor mass of a 57-year-old Japanese male. These cells are
highly heterogeneous and display a point mutation in the p53 gene.

In contrast, Hep3B cells were isolated from a pediatric 8-year-old black male from the US, containing
integrated Hepatitis B virus genome, and they are p53 deficient cells. Furthermore, HepG2 cells of
hepatoblastoma origin were isolated from liver biopsy specimens of a 15-year-old Caucasian male from
Argentina with primary hepatoblastoma and are known to be wild-type p53"*. Huh-7 cells are well-
differentiated cancer cells. This cell line is a tumorigenic cell line with epithelial characteristics and shows
little invasive behavior®!. On the other hand, we quantified the relative expression of the GLI gene in three
widely used HCC cell lines [Figure 1B]. Despite the remarkable expression of GLI in HepG2 and Huh-7
cells, we selected Huh-7 cells for this study due to some technical concerns. The HepG2 cell line was not
chosen due to technical issues such as being hard to transfect, handle, and manipulate. Huh-7 cells are
highly differentiated cancer cells. In the current study, comparing three HCC cell lines, we chose Huh-7 for
further experiments on the SHH signaling pathway.

Most transcription factors can have a significant impact on the gene expression profile with small changes
in their concentrations because transcription factors are located at the top of the cell's gene expression
cascade. So far, various methods have been used to target Shh pathway inhibition in HCC, including (1)
Small Molecules, (2) Herbal extracts, and (3) RNA-based biomolecules. The results showed that the targeted
inhibition of this pathway is associated with the reduction of cancerous phenotype in HCC and other
cancers'>*****%3! Decoy inhibits specific transcription factors in the pre-transcription stage and the
expression of genes involved in cancer initiation. Decoy also has a minimal effect on inactive transcription
factors and normal cells, which is one of the strengths of this approach among targeted therapy options. The
mentioned studies showed a remarkable reduction of angiogenesis, inhibition of cell growth and
proliferation, and increase in apoptosis rate in cancer cells treated with decoy ODNP*#22%],

Our approach was to apply GLI-specific decoy ODN to inhibit activated GLI transcription factors in the
HCC cell line at the pre-transcriptional phase. Therefore, the main aim of this study was to use the decoy
ODN method to inhibit the function of GLI transcription factor in the HCC cells to alter their cancerous
phenotype in terms of cell proliferation, colony formation, EMT, cell migration, and apoptosis.

At first, we performed a bioinformatics analysis and found GLI2 is the central hub protein in the SHH
signaling pathway with a high impact on EMT and cell tumor growth. Therefore, we designed the GLI-
specific decoy ODN. Then, based on cell viability data and applying the Cy3-decoy test, we found the
effective dose and the transfection efficiency are 850 nM (56.36% + 3%, ****P < 0.0001) and 6 h after
transfection (68.38% + 7%, **P < 0.01). The results of the BrdU test indicated a significant decrease in cell
proliferation rate in the Huh-7 cells treated with GLI-specific decoy ODN. Quantitative RT-PCR data
showed that the c-MYC gene’s expression decreased in the group treated with GLI-specific decoy ODN. In
line with the previous lung and breast cancer studies, decoy ODN has a considerable influence on reducing
the proliferation rate of cancer cells”>*.

The reduction in the expression level of PROM1, a critical cancer stem cell marker (CD133), was shown by
qRT-PCR analysis. By performing the colony formation test, we also evaluated and measured the survival
rate of cells and their capacity for proliferation and colonization. Similar findings were achieved in 2010 in
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patients with osteosarcoma”, in 2019 in liver cancer®, and in 2020 in HCC patient-derived organoid
(PDO) models® on the colonization ability of cancer cells after inhibiting GLI and SMO by some small
molecules. The results of our research are consistent with the results obtained in the mentioned articles, and
the colonization capacity in the cells treated with decoy has decreased significantly (P < 0.01).

Previous studies showed that by inhibiting GLI transcription factors with the assistance of various types of
small molecules (such as GANT61 and 5-FU), cell migration was reduced in HCC cells***”. In 2020, Johari
et al. also reported the reduction of cell migration with the decoy ODN strategy in breast cancer!®. In this
study, Transwell assay was used to investigate cell migration. Our results were consistent with the reports
mentioned above. Our findings indicated a decreasing expression of mesenchymal genes (including ZEB1
and SNAI2) and a conversely increasing expression of the epithelial gene (CDH1) at molecular analysis.
Although the expression status of CDH1 remarkably met the “cadherin switch”, the expression of CDH2
was not in line with what we expected [Figure 2A and B].

An annexin V/PI kit was used for flow cytometry analysis to evaluate cell death. Targeting various
components of the SHH pathway resulted in apoptosis induction, as shown in multiple cancers, including
HCG; our results align with these studies””***.

In addition, some studies have shown decoy’s efficiency in animal models. Zhang et al. (2007) conducted a
study to limit the excessive activity of STAT3 in human lung cancer cells"". In this experiment, the effects of
STAT3 decoy ODN were investigated in vitro (cell line A549) and in vivo (xenograft of a nude mouse
carrying a lung carcinoma tumor). In addition, STAT3 decoy ODN inhibited lung tumor growth in the
mouse model and decreased the expression of bcl-xI and cyclin D1 genes. According to this research, STAT3
decoy ODN was able to significantly suppress lung cancer cells in both in vitro and in vivo conditions;

[48]

therefore, it can be considered a potential therapeutic method for treating lung cancer™”.

In a study published in the journal Cancers this year (5 April 2024), the role of SHH signaling in the
resistance of HCC to chemotherapy, target therapy, and radiation therapy was investigated in detail. SHH
ligands are identified in approximately 60% of HCC tumor cells. At the same time, GLI2 is found in over
84% of HCC cells"™.

In another study, higher levels of GLI2 protein expression in HCC cells compared to normal liver were
determined by immunohistochemical staining. The analysis revealed that patients with GLI2 overexpression
had significantly shorter overall survival. This case was significantly associated with tumor differentiation,
vascular invasion, early recurrence, and intra-hepatic metastasis'*.

We have investigated using decoy strategy for the first time in the present study. Miroslava Didiasova et al.
provided a beneficial review article that discussed the contribution of Hh signaling crosstalk with other
pro-tumorigenic pathways and presented GLIs as the central hubs in tumor signaling networks*.

In 2006, Edifiligid was the first decoy to target the cell cycle regulator E2F. It is considered the first decoy
investigated in humans, but it did not have clinical efficacy™”.

In 2011, the first report of intra-tumoral injection of a STAT3 decoy ODN in head and neck squamous cell
carcinoma patients was published. This study showed the effects of repressors on the expression of the
STATS3 target gene"”. Among the decoys that have had successful results in vitro, only NFkB and STAT3
have entered clinical trials'®*,
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Although no study has been conducted to investigate the performance of GLI-decoy in in vivo studies, the
application of GLI-specific decoy ODN in in vivo experiments could result in off-target effects since SHH
signaling is an important signaling pathway in many cells. To avoid any possible off-target effects, targeted
delivery to the particular organ could be a solution in preclinical and future clinical studies.

We propose some ideas for future research: (1) Simultaneous application of GLI decoy and other specific
decoys of important transcription factors in HCC such as STAT and NF-«B; (2) Investigating this approach
in other HCC cell lines using a scrambled decoy ODN; (3) Investigating the anticancer effects of GLI decoy
in animal models (in vivo); (4) Evaluation of combination therapy: using the oligodeoxynucleotide decoy
method along with small molecules or other biomolecules that can change cancerous phenotypes; (5) Use of
oligodeoxynucleotide decoy method as a pretreatment method before surgery and radiotherapy.

Notably, previous studies have consistently highlighted the limited activity of the SHH pathway in healthy
hepatocytes™. Therefore, targeting and inhibiting this pathway could be a potential strategy to restore
healthy status in cancerous cells. In addition, this idea further supports its potential effectiveness in
selectively targeting cancer cells and reducing the risk of off-target.

One limitation of our research is the lack of a non-specific ODN. This could have offered valuable insights
into the specificity of the decoy ODNs utilized in our experiments. The incorporation of a scramble group
would have enabled us to differentiate between the impacts of the decoy ODNs and any incidental non-
specific interactions that may have taken place. However, due to some limitations, we were unable to
include this control group. This oversight will be addressed in future studies, where we plan to incorporate a
scramble group to further validate our findings and ensure that the observed effects are specific to the GLI
pathway.

In conclusion, based on the results from this study and previous studies, the SHH signaling pathway could
be a potential molecular target in cancer treatment research. This study’s results have indicated that
treatment with a dose of 850 nM GLI-specific decoy ODN significantly reduces cancerous phenotypes in
Huh-7 cells in terms of cell proliferation, cell migration, EMT, and colony formation, as well as inducing
apoptosis.
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