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Expression levels of sonic hedgehog pathway genes and their
targets are upregulated in early clear cell renal cell carcinoma
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Abstract. Clear cell renal cell carcinoma (ccRCC) is the
most common and aggressive subtype of kidney cancer, with
high mortality rates worldwide. The sonic hedgehog (SHH)
molecular cascade is altered in various malignancies in
tumorigenesis, and several SHH pathway inhibitors have been
considered as potential anticancer drugs. The aim of the present
study was to determine the expression profile of SHH signaling
components and their target genes in ccRCC. Additionally, the
present study examined the effects of SHH pathway inhibi-
tory drugs (RU-SKI43, cyclopamine and GLI-antagonist 61)
on cell viability, cell cycle progression, expression levels of
SHH target genes and migration ability in 786-O, ACHN and
HK2 cells. The study also included paired tumor and normal
samples from 62 patients with ccRCC. The mRNA levels in
clinical samples and cell lines were measured via reverse
transcription-quantitative PCR. Cell viability was examined
using a sulforhodamine B assay. Flow cytometry was used to
investigate cell cycle progression and the migratory rate of cells
was assessed using a wound healing assay. High mRNA levels
of SHH, smoothened (SMO), glioma-associated zinc finger
protein (GLI)I-3, BCL2 apoptosis regulator (BCL2), MYC
proto-oncogene (MYC), vascular endothelial growth factor A
(VEGFA) and cyclin D1 (CCNDI) were observed in the tumor
tissues, especially in early ccRCC, according to the TNM
stage or World Health Organization/International Society of
Urological Pathology (ISUP) grade. High expression levels
of VEGFA, as well as low CCNDI mRNA expression, were
associated with short overall survival, and increased VEGFA
expression was an independent prognostic factor of a poor
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outcome in patients with advanced ISUP grade (Cox hazard
ratio test). Cyclopamine treatment was found to arrest 786-O
cells in the G,/M phase and decreased the expression levels
of GLI1l, BCL2, VEGFA and CCNDI. RU-SKI43 inhibited
cell migration and decreased the expression levels of BCL2,
MYC and CCNDI in ACHN cells. Overall, the results of the
present study suggested that SHH signaling may be involved
in the early development of ccRCC, and the expression levels
of CCNDI and VEGFA may serve as prognostic factors of this
disease. Cyclopamine and RU-SKI43 appear to be potential
anti-renal cell carcinoma drugs; however, this hypothesis
requires verification by further in vivo studies.

Introduction

The GLOBOCAN database reported 431,288 new kidney
cancer cases worldwide in 2020 (1). Clear cell renal cell carci-
noma (ccRCC) accounts for ~75% of renal cell carcinomas
(RCCs) and is responsible for most RCC-related mortality (2,3).
Although novel drugs have been implemented for ccRCC treat-
ment since 2005, this cancer remains a therapeutic challenge,
especially if diagnosed at the metastatic stage (3). Therefore,
novel prognostic factors or therapeutic approaches for ccRCC
based on molecular mechanisms involved in the pathogenesis
of this cancer are required (4).

The Sonic hedgehog (SHH) pathway is a molecular
signaling cascade, the activity of which is mainly limited to
embryonic life (5). Through SHH/patched 1 (PTCH1)/smooth-
ened (SMO)/glioma-associated zinc finger protein (GLI)2, 3
proteins, this signaling pathway stimulates the expression of the
downstream activator GLII and PTCH] repressor, followed by
activation (via GLII protein) of several target genes, including
MYC proto-oncogene (MYC), BCL2 apoptosis regulator
(BCL2), vascular endothelial growth factor A (VEGFA) and
cyclin D1 (CCNDI) (Fig. 1) (6). Their molecular products
are pro-carcinogenic proteins (7-10), since they stimulate
cell proliferation, possess anti-apoptotic and pro-angiogenic
properties, and activate the cell cycle. MYC and BCL2 gene
amplifications, as well as higher mRNA levels of VEGFA
and CCNDI, are associated with shorter survival of patients
with esophageal squamous cell carcinoma (11), diffuse large
B-cell lymphoma (12), lung cancer (13) and gastric cancer (14),
respectively. However, reports regarding the expression of the
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SHH pathway components and their effects on downstream
genes in ccRCC remain limited and ambiguous (15-19).

Based on numerous reports on SHH pathway alterations
in various cancer types, several inhibitory drugs have been
developed (20). They may block signaling at different pathway
stages. RU-SKI43 is a selective inhibitor of hedgehog acyl-
transferase (HHAT; Fig. 1) (21). HHAT provides chemical
modifications the N-terminal part of the SHH ligand
(N-SHH), thus providing upstream activation of the SHH
pathway (22). Another SHH pathway inhibitor, cyclopamine,
blocks conformational changes of the SMO protein, and
thus prevents its activation by inhibiting GLI2-3 release
(Fig. 1) (23). GLI-antagonist 61 (GANT61) is one of the most
promising anticancer agents, since it can modify the structure
of both GLII and GLI2, preventing them from DNA binding
and action as transcription factors (TFs) (Fig. 1) (24,25). To the
best of our knowledge, no comparative studies on the effect of
the aforementioned inhibitors of the SHH pathway on RCC
cells have been published.

Our previous research examining 37 ccRCC tissue
samples revealed deregulation of the expression levels of SHH
pathway genes (16). Therefore, in the present study, a more
comprehensive analysis of the mRNA levels of SHH, PTCH|,
SMO and suppressor of fused homolog (SUFU), TFs GLII-3
and their target genes in ccRCC tissues and cell lines was
performed. Furthermore, the study focused on comparative
analysis concerning the effects of RU-SKI43, cyclopamine
and GANT®6I inhibitors on proliferation, cell cycle distribu-
tion, migration and gene expression in ccRCC cell lines and a
normal kidney cell line.

Materials and methods

Patients and samples. ccRCC tumor tissues and morphologi-
cally unchanged kidney samples were obtained during radical
nephrectomy from 62 patients who underwent surgery at
the Department of Urology, Medical University of Gdansk
(Gdansk, Poland). The samples were collected over a 4-year
period from 2017 to 2020. The study included 62 patients with
ccRCC, including 21 women and 41 men (mean age + SD,
63,84+11.25 years, age range: 33-86 years). The exclusion
criteria included: other than ccRCC histological subtypes
of RCC, multifocal and/or bilateral kidney tumors and Von
Hippel-Lindau disease. The study was approved by the
Independent Bioethics Committee for Scientific Research at
Medical University of Gdansk (decision nos. NKEBN/4/20
11 and NKBBN/370/2016). Written informed consent was
acquired from each patient before surgery.

Material acquisition. Small (ca. 5x5x5 mm) pieces of ccRCC
tumor tissues and control, morphologically unchanged kidney
samples from the same patient, were placed into test tubes in
the operating theater, no later than 20 min after kidney resec-
tion. Tissue samples for quantitative PCR (qPCR) analysis
were placed in test tubes filled with 5 volumes of RNAlater
(Ambion; Thermo Fisher Scientific, Inc.), and were placed
at -80°C after 24 h incubation at 4°C. The other two samples of
tumor tissues were fixed in 4% buffered formalin, embedded
in paraffin, sectioned and stained with hematoxylin and
eosin (H&E) for histopathological assessment. The samples

were included in the qPCR analysis if >60% cells in the
respective histological sections in tumor samples presented
characteristic features of ccRCC, while all cells of unchanged
(control) samples presented normal morphology (26,27). If
both conditions were not fulfilled, the material was excluded
from the study.

Total RNA isolation. Total RNA from the collected samples
was isolated using the ExtractMe Total RNA kit (Blirt, Inc.)
according to the manufacturer's protocol. The collected
samples were homogenized in 2-ml tubes with 300 pl lysis
buffer and ceramic beads using the MagnaLyser apparatus
(Roche Diagnostics) for 40 sec at 6,000 rpm at room tempera-
ture. The obtained RNA was dissolved in 70 ul nuclease-free
water. The quantity and quality of RNA were measured
using a spectrophotometer (NanoDrop ND 1000; Thermo
Fisher Scientific, Inc.). RNA samples were stored at -80°C
until further analysis. For first-strand cDNA synthesis, 1 ug
RNA was reverse transcribed using 1 pl RevertAid reverse
transcriptase (Fermentas; Thermo Fisher Scientific, Inc.) and
0.5 ug dT18 primers (Sigma-Aldrich; Merck KGaA) in a total
volume of 20 ul. The reaction was performed according to
the manufacturer's protocol (Thermo Fisher Scientific, Inc.).
cDNA samples were stored at -20°C until further analysis.

Assessment of gene mRNA levels. mRNA assessment was
performed using the gPCR technique. Primer sequences were
designed using the Primer-BLAST software (https:/www.
ncbi.nlm.nih.gov/tools/primer-blast/). Their concentrations,
as well as experimentally established reaction conditions,
are presented in Table I. The measurements were performed
in duplicate using 1 pl 4X-diluted cDNA and AmplifyMe
NoRox SybrGreen (Blirt, Inc.) chemistry in a total volume of
10 pl. The reaction was conducted on a separate PCR plate
(4titude, Ltd.) for each gene with a negative control (water
instead of cDNA) and 10X diluted pooled cDNA as a precision
control. A StepOne Plus apparatus with StepOne Plus software
ver. 2.3 (Applied Biosystems; Thermo Fisher Scientific, Inc.)
was used for the amplification process and data analysis.
Geometric mean of Ct (threshold cycle) values for each gene
were normalized to the reference gene [glucuronidase f§
(GUSB)], according to our previous normalization study
on ccRCC (28), using Livak's equation (29): x=24, where
x stands for expression of gene y and ACt=(Ct GUSB-Ct
gene Y). Obtained raw expression data for each tumor sample
were calibrated to average expression data of control samples
(fold change; control sample=1).

Cell cultures and reagents. The 786-O (CRL1932™) and
ACHN (CRL1611™) human RCC cell lines and the HK2
(CRL2190™) human proximal kidney tubule-derived cell line
were obtained from the American Type Culture Collection
(ATCC). The 786-O and ACHN cells were cultured in
RPMI-1640 medium (Sigma-Aldrich; Merck KGaA) and
Eagle's Minimum Essential Medium (MEM; Sigma-Aldrich;
Merck KGaA), respectively. Both media were supplemented
with 10% FBS (Sigma-Aldrich; Merck KGaA) and 1%
penicillin-streptomycin (Sigma-Aldrich; Merck KGaA).
MEM was additionally supplemented with 2% L-glutamine
(Sigma-Aldrich; Merck KGaA). HK-2 cells were cultured
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Figure 1. Simplified diagram of SHH pathway activation in vertebrates. SHH ligand undergoes posttranslational cleavage into N- and C-terminal SHH.
Structural modifications of N-SHH caused by C-SHH and HHAT lead to its binding with the PTCHI receptor. This stimulates SMO protein to process GLI2
and GLI3, which dissociate from the SUFU protein and finally stimulate the expression of target genes (MYC, BCL2, VEGFA,CCNDI,PTCHI and GLII). The
latter encodes another transcriptional activator of SHH signaling (6). Three SHH pathway inhibitors are presented in the figure: RU-SKI43 blocks the activity
of the HHAT enzyme (21), cyclopamine inhibits conformational changes of the SMO protein (23) and GANT61 modifies the structure of GLI1 and GLI2,
preventing their interaction with double-stranded DNA (24). Blue circles, proteins of the SHH signaling pathway; red circle, negative SHH pathway regulator;
yellow circles, SHH cascade target genes; and orange rectangle, enzyme. SHH, sonic hedgehog ligand; C-SHH, C-terminal part of the SHH ligand; N-SHH,
N-terminal part of the SHH ligand; HHAT, hedgehog acyltransferase; PTCHI, patched 1; SMO, smoothened; SUFU, suppressor of fused homolog; GLI1,2,3,
glioma-associated zinc finger protein 1, 2, 3; GLI2,3*, activated glioma-associated zinc finger protein 2, 3; VEGFA, vascular endothelial growth factor A;

CCNDI, cyclin DI; GANT61, GLI-antagonist 61.

in keratinocyte serum-free medium (Gibco; Thermo Fisher
Scientific, Inc.). The cells were cultured in a sterile incubator
that was maintained at 37°C in an atmosphere of 5% CO,.
RU-SKI43, cyclopamine, GANT61 and sunitinib were
purchased from Sigma-Aldrich; Merck KGaA and dissolved
in DMSO (Sigma-Aldrich; Merck KGaA) as stock solutions
according to the manufacturer's recommendation. The final
concentration of DMSO in the cell culture medium never
exceeded 1%.

Cell viability assay. The cytotoxicity of RU-SKI43,
cyclopamine, GANT61 and sunitinib was measured using
a Sulforhodamine B (SRB) assay (30). Briefly, the cells

were seeded into 96-well plates at the following density:
786-0, 5x103 cells/well; ACHN, 5x10° cells/well; and HK-2,
8x10° cells/well. Cells were incubated for 24 h in the appro-
priate medium. Different concentrations of each inhibitor
(sunitinib, 0-20 uM; RU-SK143, 0-60 uM; GANT61, 0-80 uM;
and cyclopamine, 0-60 M) were added to the wells. After
incubation for 24, 48 or 72 h, the cells were fixed by adding
trichloroacetic acid (TCA) to a final concentration of 10%
TCA and incubated for 1 h at 4°C. Subsequently, the plates
were washed with deionized water and thoroughly drained
for ~30 min. SRB (100 ul), dissolved in 1% acetic acid, was
added to each well and the cells were stained for 15 min at
room temperature. Thereafter, the plates were washed with 1%
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Table II. ECy, and EC,; concentrations of RU-SKI43, cyclopamine, GANT61, and sunitinib for the 786-O, ACHN, and HK?2

cell lines.
Cell line
786-0O ACHN HK2

Conc. (uM) of each agent EC,, EC,; EC,, EC, EC,, EC,
RU-SKI43 15.22 21.65 20.65 27.98 12.34 20.55
Cyclopamine 31.38 40.7 29.75 31.39 24 .85 40.13
GANT61 1543 26.87 14.75 35.15 18.75 35.62
Sunitinib 4.36 8.72 6.43 1041 371 8.60

EC,,, half maximal effective concentration; EC,s, 25% effective concentration.

acetic acid to remove the dye and then dried overnight. Next,
200 ul TRIS buffer (10 mM; pH 10.5) was added to each well
and the plates were shaken gently to dissolve the stain. The
absorbance was measured spectrophotometrically at 540 nm
using a reference wavelength of 630 nm on an Epoch UV
universal microplate reader (BioTek Instruments, Inc.).

Cell cycle analysis. 786-O, ACHN and HK?2 cells were seeded
at a density of 2x10° cells/well and, after 24 h, the cells were
treated with GANT61, RU-SK143, cyclopamine and sunitinib
at the half maximal effective concentration (ECsy) and the
25% effective concentration (EC,s; Table IT). After 48 h,
the cells were collected, washed with PBS (Sigma-Aldrich;
Merck KGaA) and fixed in 70% ethyl alcohol for 48 h
at 4°C. Directly before cytometric analysis, the cells were
stained with a dye mixture containing RNase and propidium
iodide (PI) (Sigma-Aldrich; Merck KGaA) for 30 min in
the dark at 37°C. Fluorescence of the Pl-stained cells was
measured via flow cytometry (excitation, 536 nm; emission,
617 nm; FACSCalibur; Becton-Dickinson and Company). The
results were analyzed using CellQuest Pro software (Becton,
Dickinson and Company) and presented as a percentage of
cells with DNA content corresponding to apoptotic/necrotic
cells (subG, fraction) or cells in the G/G,, S and G,/M phases
of the cell cycle.

gPCR analysis of mRNA levels in cultured cells. A total of
2x10° cells/well were seeded in 6-well plates and incubated
for 24 h in the appropriate medium. Subsequently, the cells
were treated for 48 h with inhibitors at the EC5, and EC,;.
Total RNA from the collected samples was isolated using the
ExtractMe Total RNA kit (Blirt, Inc.). The obtained RNA was
dissolved in 40 pl nuclease-free water. The quantity and quality
of RNA were measured using a spectrophotometer (NanoDrop
ND 1000; Thermo Fisher Scientific, Inc.). RNA samples were
stored at -20°C until further analysis. Further analysis was
performed as aforementioned for clinical samples.

Wound healing assay. The cells were seeded in 6-well plates
at the following density: 786-0, 3x10° cells/well; and ACHN,
6x10° cells/well. Cells were incubated for 48 h in the appro-
priate medium: 786-0 cells, RPMI1640; ACHN cells, Eagle's
Minimum Essential Medium. Both media were supplemented

with 10% FBS (31-34) and 1% penicillin-streptomycin.
MEM was additionally supplemented with 2% L-glutamine.
Confluent cell cultures were then scratched using a sterile
tip and incubated with GANT61, RU-SKI43, cyclopamine
and sunitinib at the EC,;. The wound healing process was
monitored (12 h for 786-0 cells and 32 h for ACHN cells)
and images of the scratches were captured at different points
of time using an inverted microscope. Quantification was
performed by measuring the number of pixels in each wound
closure area using ImagelJ software 1.53 (National Institutes
of Health).

Statistical analysis. Statistical analysis was performed using
GraphPad Prism ver. 6.07 (GraphPad Software, Inc.) and
Statistic aver. 13.3 (StatSoft Ltd.) software. First,data normality
was checked using the Shapiro-Wilk test. However, since most
data for clinical samples did not pass it, the following non-para-
metric tests were applied: Mann-Whitney U for two groups,
Wilcoxon signed-rank if samples were paired and Spearman's
correlation. Outliers were identified using the ROUT test. The
median values of mRNA levels for a particular gene in the
control group were used as a threshold for the determination
of upregulation and downregulation of a given gene in cancer
tissues. In this way, 2x2 Fisher's exact test was performed. For
outcome analysis of patients, Kaplan-Meier survival tests with
log-rank (Mantel-Cox) tests were applied, with data acquired
for overall survival (OS). Cox proportional hazard regression
model with univariable (first step) and multivariable (second
step) tests were applied. Survival associations were presented
as hazard ratios (HRs) with their 95% confidence interval (CI)
and P-values using Cox and Kaplan-Meier estimations (35,36).
The results from cellular assays were analyzed using a
unpaired Student's t-test, and for more than 2 groups-one or
two-way ANOVA with post hoc Tukey's multiple comparison
test. A two-sided P<0.05 was considered to indicate a statisti-
cally significant difference, with a 95% CI in all analyses.

Results

Clinicopathological characteristics of the patients. The
clinicopathological features of the patients are presented in
Table I11. The study included 62 patients with ccRCC, including
21 women and 41 men (mean age + SD, 63,84+11.25 years).
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According to the Union for International Cancer Control
TNM 8th staging edition of RCC guidelines (4), 29 patients
were classified as stage I (TINOMO), 4 as stage 11 (T2NOMO),
27 as stage III (T1-2N1MO or T3NO-2MO), and 2 as stage IV
(T4NO-2MO or T1-4N0-2M1). Local or distant metastases
were diagnosed in 29 (47%) patients, at the time of nephrec-
tomy. Histological Fuhrman/World Health Organization
(WHO)/International Society of Urological Pathology (ISUP)
grading assessment (37) revealed 4 ccRCC samples in grade 1,
22 samples in grade 2, 21 samples in grade 3, and 15 samples
in grade 4. The mean follow-up period was 32 months
(range, 3-72 months). The median OS rate was 24 months. All
deaths were associated with ccRCC progression.

The SHH pathway genes and their targets are overexpressed
in ccRCC tissues. A total of two assessment methods were
applied (16,35,36): Direct quantitative comparisons between
tumor and normal kidney tissues, are shown in Fig. 2, and
comparisons of mRNA levels of genes in tumor samples
divided into high (1) and low (|) expression groups based on
the median values in normal biopsies, are shown in Table III.
Similar to our previous study (16), increased expression of all
analyzed SHH pathway genes was observed in tumor samples
(light grey bars in Fig. 2), with the highest levels of signaling TFs,
GLI2 and GLI3, with ~14-fold higher mRNA levels in tumors
(Fig. 2). Furthermore, higher mRNA level of GLI2 and GLI3
was observed in 44 and 36 patients with ccRCC, respectively
(Table IIT). High (~48-fold upregulation) GLII gene expres-
sion was observed in tumor tissues of 44 patients with ccRCC
(Table III), and this also acts as positive feedback in the SHH
signaling pathway (6). Although the mRNA levels of PTCH]I, the
second gene involved in negative feedback regulation of the SHH
signaling pathway (6), were not quantitatively changed in direct
comparison with normal kidney samples, increased levels were
observed in tumor ccRCC tissues of younger patients (<64 years
of age; Table IIT), which is in line with our previous research (16).
The expression levels of putative SHH pathway-upregulated
genes were also increased (dark-grey bars in Fig. 2), with high
expression levels of VEGFA (~12-fold upregulation) identified
in 39 patients with ccRCC (Table III). Subsequently, the present
study examined whether GLII-3 expression was associated with
mRNA levels of their upstream regulator SHH and their target
genes. There was a strong association between SHH expression
and all studied GLI TFs (Table IV; GLI1, r=0.680, P<0.0001;
GLI2,r=0.600, P<0.0001; GLI3,r=0.644,P<0.0001). The associ-
ation between the expression of SHH and GLII was also observed
in our previous study (16). Furthermore, in the cancer tissues,
GLII was strongly upregulated by GLI2 and GLI3 (r=0.767
and r=0.894, respectively; P<0.0001; Table IV). The expression
levels of other genes activated by GLIs presented weaker correla-
tions, with the lowest r values observed for PTCHI. However, a
weak positive association was observed between CCNDI gene
expression and GLI2 gene expression. Interestingly, the expres-
sion levels of VEGFA exhibited a strong (r>0.75) correlation with
the expression levels of GLII-3 (Table IV).

Expression levels of SHH pathway genes and their targets are
upregulated in early ccRCC. With the exception of PTCHI,
the expression levels of the analyzed genes were not associ-
ated with age, sex or tumor size (Table III; plots not shown);

however, differences were observed when cancer tissues were
classified by TNM stage and ISUP grade (Fig. 3). Generally,
the analyzed SHH signaling pathway genes were upregulated
in early TNM (1+2) stages and ISUP (1+2) grades (Fig. 3A,
B, D, E) with the exception of SUFU (Fig. 3C). GLI2 was
strongly upregulated in all TNM stages/ISUP grades with
~25-fold higher levels in early stage/grade tissues compared
with in paired normal kidney tissues (Fig. 3D). On the other
hand, GLI3 was upregulated ~15- and ~5-fold in early and
advanced ISUP stages, respectively, with no relation to
TNM stage (Fig. 3E). The mRNA expression levels of GLII
exhibited a different pattern: GLI] mRNA expression was
~107- and ~71-fold higher in early TNM stages and ISUP
grades, respectively; however, in advanced stage/grade tissues,
GLII expression was still at least ~20 times higher than in
control tissues (Fig. 3F). PTCH1 exhibited an opposite pattern
of expression according to TNM stages (Table III); however,
no significant difference, as assessed using the Mann-Whitney
U test, was noted (Fig. 3G). The BCL2 and CCNDI genes
showed a similar expression pattern to the SHH pathway genes:
BCL2 was upregulated in ISUP grades 142 (Fig. 3H; Table I11),
while tumors in both early TNM and ISUP stages/grades were
characterized by higher mRNA expression levels of CCNDI
(Fig. 3I; Table III). MYC expression in ccRCC was ~6- and
3-fold higher in early and advanced stages/grades, respec-
tively, than in control tissues (Fig. 3J). Furthermore, there was
a marked difference in MYC mRNA expression between the
cancer tissues assessed as stage/grade 1+2 and 3+4 according
to both TNM and ISUP classifications (Fig. 3J). Interestingly,
all tumor samples exhibited increased VEGFA mRNA expres-
sion compared with control tissues independent of ccRCC
stage/grade (Fig. 3K).

Low CCNDI and high VEGFA expression levels in ccRCC
tissues are associated with shorter OS. It was observed that
tumors characterized by advanced TNM stages and ISUP
grades were associated with shorter OS (Fig. 4A and B) with
a 50% survival rate of 30 months. The mRNA levels of SHH,
SMO, SUFU, GLI2, GLI3, GLII, PTCHI, BCL2 and MYC
(Fig. 4D-K) were not associated with OS. Shorter OS was
associated with lower CCNDI expression (Fig. 4L) as well as
high VEGFA expression (Fig. 4M).

Cox proportional hazards test with univariable regression
analysis revealed that patients with high ISUP grade, high
VEGFA expression and low CCNDI expression were at risk
of death due to ccRCC. Multivariable regression analysis
indicated that increased VEGFA mRNA expression was an
independent prognostic factor of a worse outcome in patients
with advanced ISUP histological grade. Patients with ccRCC
with advanced (3+4) histological grade had a high risk of death
(HR=12.55) if they also exhibited increased VEGFA mRNA
expression in tumor tissues (HR=3.72; Table V).

Effects of SHH pathway inhibitors on proliferation and the
cell cycle of 786-0, ACHN and HK? cells

SHH pathway inhibitors decrease proliferation of the 786-0,
ACHN and HK2 cells. The SRB cell viability assay revealed
that sunitinib, RU-SK143, GANT6!1 and cyclopamine markedly
inhibited the proliferation of 786-O and ACHN kidney cancer
cells and HK?2 normal kidney cells after 48 h (Fig. 5A-D). Data
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Figure 2. Analysis of the expression of SHH pathway genes (SHH, SMO, SUFU, GLI2 and GLI3; light grey bars) and SHH pathway target genes (GLII/, PTCH],
BCL2, CCNDI, MYC and VEGFA; dark grey bars). Comparison between ccRCC and normal kidney samples. Gene expression was assessed as described
in the Materials and methods section. Bars and whiskers represent the mean + SD normalized to control kidney samples. “P<0.05, P<0.01, ##P<0.001,
"1#1P<0.0001 (Wilcoxon signed-rank). SHH, sonic hedgehog ligand; SMO, smoothened; SUFU, suppressor of fused homolog; GLI1,2,3, glioma-associated zinc
finger protein 1, 2, 3; PTCHI, patched 1; CCNDI, cyclin D1; VEGFA, vascular endothelial growth factor A; ccRCC, clear cell renal cell carcinoma; qPCR,

quantitative PCR.

for incubation times of 24 and 72 h are not shown, since cell
proliferation did not change after 24 h and/or all cells died
after 72 h of drug treatment. The calculated EC;, and EC,;
values for individual compounds for a particular cell line are
presented in Table II (also shown as dotted lines in Fig. SA-D)
and were used in further analyses.

SHH pathway inhibitors decrease the number of 786-0 and
ACHN cells in the GO/GI phase. Flow cytometry analysis
revealed that the treatment of 786-0O cells with GANT61 at
the EC,; led to a significant dose-dependent decrease in the
number of cells in the G,/G, phase and a significant increase
in the number of cells in sub-G, (indicative of apoptosis
induction), S and G,/M phases (Fig. 6A). Similar to GANT61,
cyclopamine at the EC,5 significantly reduced the number of
786-0 cells in the G/G, phase and significantly increased the
number of these cells in the G,/M phase (Fig. 6B). The treat-
ment of 786-0 cells with RU-SKI43 at the EC,; significantly
decreased the number of cells in the G,/G, phase without
any significant effect on the other cell cycle phases (Fig. 6C).
Different effects of sunitinib (at the EC,5) on 786-0 cells were
observed, including a dose-dependent increase in the number
of cells in the G/G, phase and a decreased number of cells in
the S phase of the cell cycle (Fig. 6D). Treatment with GANT61
significantly reduced the number of ACHN cells in the G,/G,
phase at both the EC5, and EC,;, and in S phase at the EC,;.
Furthermore, GANTG61 at the EC,; significantly increased
the number of ACHN cells in the G,/M phase (Fig. 6E).
Cyclopamine at the ECs, significantly decreased the number
of ACHN cells in the G,/G, phase and significantly increased
the number of cells in the S phase (Fig. 6F). After incubation
of ACHN cells with RU-SK1I43 at both the EC,, and EC,;, and
with sunitinib at the EC,,, a reduced number of cells in the

G,/G, phase was observed, without any significant changes in
the other cell cycle phases (Fig. 6G and H, respectively).

GANTG6I increases the number of HK2 cells in the sub-Gl
phase. Incubation of HK2 cells with GANT®61 at the
EC,; increased the number of cells in the sub-G, phase.
Furthermore, treatment with GANT6I at the EC,5 reduced the
number of cells in the G,/G, phase (Fig. 61). Cyclopamine at
both concentrations had no significant effect on the cell cycle
of HK2 cells (Fig. 6J). RU-SKI43 at the EC;, decreased the
number of HK?2 cells in the G,/M phase, without any effect
on the other cell cycle phases (Fig. 6K). Sunitinib at the EC,;
increased the number of cells in the G,/M phase compared
with HK2 cells incubated with a lower (EC,,) sunitinib concen-
tration (Fig. 6L). In parallel control experiments, the solvent,
DMSO, had no effect on the cell cycle of 786-O, ACHN and
HK?2 cells.

Effects of SHH pathway inhibitors on the expression levels of
SHH pathway target genes in 786-0, ACHN and HK2 cells.
The results concerning the expression levels of SHH target
genes in 786-O, ACHN, and HK?2 cells are presented in Fig. 7:
GLII (A-C), PTCHI (D-F), BCL2 (G-1), MYC (J-L), VEGFA
(M-O) and CCNDI (P-R).

GANTG6I increases the expression level of SHH pathway
target genes in 786-0, ACHN and HK2 cells. The incuba-
tion of the studied cell lines with GANT61 at the ECs, led
to the significant upregulation of MYC and CCNDI mRNA
expression in 786-0 cells (Fig. 7J and P), and also significantly
increased the mRNA expression levels of BCL2 and CCNDI
in ACHN cells (Fig. 7H and Q). In HK?2 cells, GANT61 at the
EC,, significantly increased GLII gene expression (Fig. 7C).
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Table I'V. Correlation between the SHH, GLI TFS, and their targeted genes at the mRNA levels®.

Genes GLI2 GLI3 GLI1
Correlation results P P-value® ° P-value® ° P-value®
SHH 0.600 <0.0001 0.644 <0.0001 0.680 <0.0001
GLI1 0.767 <0.0001 0.894 <0.0001 - -
PTCHI 0.560 0.0002 0.548 0.0003 0.577 0.0002
BCL2 0.649 <0.0001 0.517 0.0003 0.628 <0.0001
MYC 0.696 <0.0001 0.600 <0.0001 0.526 0.0002
VEGFA 0.752 <0.0001 0.771 <0.0001 0.755 <0.0001
CCNDI 0.333 0.038 0.188 0.239 0.164 0.306

*GLI TFs are placed horizontally; SHH and the affected genes are vertical. °r and P-values were calculated by Spearman's test: results with
statistically significant values are indicated in bold print. SHH, sonic hedgehog; PTCHI, patched 1; GLI1,2,3, glioma-associated zinc finger
protein 1,2, 3; BCL2, BCL2 apoptosis regulator; MYC,MYC proto-oncogene; TFs, transcription factorS; VEGFA, vascular endothelial growth

factor A; CCNDI, cyclin D1.

Furthermore, GANT6I1 at the ECs, and EC,5 increased the
expression levels of MYC (Fig. 7L), while it decreased PTCH1
mRNA expression at the ECs, (Fig. 7F).

Cyclopamine decreases the expression level of SHH pathway
target genes in 786-0 cells. The incubation of 786-0O cells
with cyclopamine at the ECs, decreased the expression levels
of GLII, BCL2, VEGFA and CCNDI (Fig. 7A, G, M and P).
Cyclopamine at the EC,5 stimulated the expression of the
CCNDI gene in ACHN cells (Fig. 7Q). In HK2 cells, cyclopa-
mine at the ECy, significantly decreased the mRNA expression
levels of PTCHI and CCNDI (Fig. 7F and R).

RU-SKI43 decreases the expression level of SHH pathway
target genes in ACHN cells. Significantly increased expression
levels of MYC and VEGFA were observed after incubation of
786-0 cells with RU-SKI43, at the EC,; and EC, respectively
(Fig. 7J and M). RU-SKI43 at the EC,, significantly decreased
the mRNA expression levels of BCL2 and CCNDI in ACHN
cells (Fig. 7H and Q), and RU-SKI43 at the EC,; significantly
decreased the mRNA expression levels of MYC (Fig. 7K).
In ACHN cells incubated with RU-SKI43 at the EC,; the
expression levels of VEGFA were upregulated (Fig. 7N). In
HK2 cells, RU-SKI43 at both the EC, and EC,; significantly
increased the expression levels of MYC (Fig. 7L); however, at
the EC,,, RU-SK143 significantly reduced the expression levels
of the PTCHI, VEGFA and CCNDI genes (Fig. 7F, O and R).

Sunitinib increases the expression level of SHH pathway
target genes in 786-0, ACHN and HK2 cells. The incuba-
tion of 786-0 cells with sunitinib at the EC,, and EC,; was
associated with the upregulation of GLI/ mRNA expression
(Fig. 7A). Furthermore, upregulation of the expression levels
of PTCHI, BCL2 and CCNDI genes in 786-0 cells cultured
with sunitinib at the EC,5 (Fig. 7D, G and P), and higher MYC
mRNA expression in 786-0 cells incubated with sunitinib at
the EC,, were revealed (Fig. 7J). Following the incubation of
ACHN cells with sunitinib at the ECs,, increased expression
levels of GLII and BCL2 (Fig. 7B and H), and reduced CCNDI

mRNA expression were revealed (Fig. 7Q). The treatment of
HK2 cells with sunitinib at the EC,5 led to the significant
upregulation of the expression levels of GLII (Fig. 7C), PTCHI
(Fig. 7F), MYC (Fig. 7L) and VEGFA (Fig. 70). Sunitinb at
both the ECs, and EC,; significantly increased the expression
levels of BCL2 in HK?2 cells (Fig. 71). In HK2 normal kidney
cells, sunitinib at the ECs, significantly decreased the mRNA
expression levels of VEGFA (Fig. 70).

Effects of SHH pathway inhibitors on 786-0, ACHN and HK?2
cell migration

GANT61 and RU-SKI43 inhibit the migration of renal
cancer cell lines. The observation times for 786-O and
ACHN cells were first adjusted, as these cell lines exhibited
different migration rates. The final time for the complete gap
closure for 786-0 cells was 12 h (Figs. 8A and 9A), while
ACHN cells required at least 32 h to completely close the
gap (Figs. 8B and 9B). Therefore, at 12 h after scratching,
it was observed that inhibition of 786-O cell migration was
caused by sunitinib (41.83+13% wound closure) and GANT61
(51.83+£7.46% wound closure). Additionally, RU-SKI43 and
sunitinib inhibited the migration of ACHN cells at 32 h after
scratching (40.02+10.55% and 49.76+15.31% wound closure,
respectively), while GANT61 and cyclopamine did not alter
the rate of ACHN cell migration. The bar graph illustrating
percentage wound closure, as well as representative images
documenting the cell migration process at the indicated
time points during the scratch wound assay, are presented in
Figs. 8 and 9, respectively.

Discussion

Sonic hedgehog (SHH) signaling is involved in the human
embryogenesis of epithelial tissue (38) and the respiratory
system (39), and it is critical in the development of the nervous
system (40-42) and limbs (43,44). Although some authors have
suggested that this molecular cascade also remains active in
postnatal life in organs such as the brain (45) or lungs (46),
the signaling becomes silenced in almost all other tissues (47).
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Figure 3. mRNA expression levels of the (A) SHH, (B) SMO, (C) SUFU, (D) GLI2, (E) GLI3, (F) GLI1, (G) PTCHI, (H) BCL2, (I) CCNDI, (J) MYC, and
(K) VEGFA genes in tissue samples of patients with ccRCC, related to TNM stage and ISUP grade. Gene expression was measured by qPCR. Bars and
whiskers represent the mean = SEM normalized to control kidney samples. P-values between groups (Mann-Whitney U test) are noted: “P<0.05, #P<0.01,
"P<0.001, "*P<0.0001 to compare significance between control and ccRCC samples; "P<0.05, “P<0.01, to compare significance between ccRCC TNM 1+2

and TNM 3+4 samples as well as ccRCC ISUP 1+2 and ISUP 3+4 samples. SHH, sonic hedgehog ligand; SMO, smoothened; SUFU, suppressor of fused
homolog; GLI1,2,3, glioma-associated zinc finger protein 1, 2, 3; PTCHI, patched 1; CCNDI, cyclin D1; VEGFA, vascular endothelial growth factor A;

ccRCC, clear cell renal cell carcinoma; qPCR, quantitative PCR; ISUP, International Society of Urological Pathology.
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Figure 4. Kaplan-Meier overall survival analysis for patients with ccRCC related to clinicopathological and molecular data. (A) TNM classification. (B) ISUP
grade. (C) SHH mRNA expression. (D) SMO mRNA expression. (E) SUFU mRNA expression. (F) GLI2 mRNA expression. (G) GLI3 mRNA expression.
(H) GLII mRNA expression. (I) PTCHI mRNA expression. (J) BCL2 mRNA expression. (K) MYC mRNA expression. (L) CCNDI mRNA expression.
(M) VEGFA mRNA expression. Cut-off values for increased and decreased expression were determined using the median expression value of each gene in the
control samples. The log-rank (Mantel-Cox) test was applied. SHH, sonic hedgehog ligand; SMO, smoothened; SUFU, suppressor of fused homolog; GLI1,2,3,
glioma-associated zinc finger protein 1,2, 3; PTCH1, patched 1; CCNDI, cyclin D1; VEGFA, vascular endothelial growth factor A; ccRCC, clear cell renal cell
carcinoma; qPCR, quantitative PCR; ISUP, International Society of Urological Pathology.

Physiological reactivation of the SHH signaling pathway has
been observed during the process of wound healing (48,49).
However, upregulation of the expression levels of SHH pathway
genes, either at the mRNA or protein level, has been observed
in various malignancies, including gastric cancer (50), retino-
blastoma (51), glioma (52) and chronic myeloid leukemia (53).
Therefore, SHH signaling appears to be involved in the
molecular mechanism of carcinogenesis and may provide a
promising anticancer target.

The present study included 62 clear cell renal cell carci-
noma (ccRCC) patients. The clinicopathological features of
the patients, including age, female/male ratio, and stage, grade
and tumor size distribution, were similar to those of patients in
our previous research (16,35,36). The age and sex distribution
complied with the ccRCC group presented by Hsieh er al (3).
Similar to our previous study (16), the present study revealed
markedly higher mRNA expression levels of PTCHI in the
group of younger patients, which, to the best of our knowledge,
is a novel observation.

One of the aims of the present study was to examine the
molecular pattern of SHH pathway components at the mRNA
level in ccRCC tumor tissues compared with paired morpho-
logically unchanged kidney tissue samples. The data obtained
via qPCR demonstrated that the expression levels of almost all
analyzed genes were upregulated in cancer tissues. The largest
increase in expression in tumor samples (~100-fold upregula-
tion) was reported for GLII. Similar to the current results,
the upregulation of the expression levels of GLII and GLI2
in ccRCC was noted by Zhou et al (17) at the mRNA (qPCR)
and protein levels [immunohistochemical staining (IHC)] in
58 (qPCR) or 17 (IHC) ccRCC cases. However, contrary to the
present findings, they reported lower mRNA levels of SHH
and PTCHI in tumor tissues and did not observe a difference
in the expression levels of GLI3 between ccRCC and control
samples (17). Therefore, while the upregulation of the expres-
sion levels of the GLI1 and GLI2 transcription factors (TFs) in
ccRCC appears to be confirmed, further studies are required to
investigate the expression of the upstream components of the
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Table V. Univariable and multivariable Cox regression analysis of the overall survival rate of the ccRCC patients.

Univariable analysis

Multivariable analysis

Parameters $ P-value HR (95 CI) $ P-value HR (95 CI)
Sex
Female vs. Male 048 0.486 0.52 (0.08-3.21)
Age (years)
>62 vs. <62 1.99 0.157 0.32 (0.06-1.54)
Tumor size (cm)
>7 vs. <7 1.08 0.297 2.62 (0.42-16.06)
Tumor stage
T3+4 vs. T1+2 0.04 0.824 1.30 (2.64-585.07)
Histological ISUP grade
3+4 vs. 142 7.11 0.007 39.37 (0.12-13.51) 10.94 <0.001 12.55 (2.80-56.18)
SHH mRNA levels
Tvs. | 2.84 0.091 23.76 (0.59-945 .48)
SMO mRNA levels
Tvs. | 2.58 0.107 0.07 (0.01-1.76)
SUFU mRNA levels
Tvs. | 0.10 0.747 2.04 (0.026-159.89)
GLI2 mRNA levels
Tvs. | 0.15 0.698 0.47 (0.01-20.22)
GLI3 mRNA levels
Tvs. | 0.17 0.675 0.49 (0.02-13.27)
GLI1 mRNA levels
Tvs. | 1.24 0.265 8.10 (0.20-321.45)
PTCHI mRNA levels
Tvs. | 3.72 0.053 0.18 (0.03-1.02)
BCL2 mRNA levels
Tvs. | 0.64 0.420 0.44 (0.06-3.16)
CCNDI mRNA levels
lvs. 1 393 0.047 12.63 (1.03-154.95) 0.07 0.781 1.14 (0.43-3.01)
MYC mRNA levels
Tvs. | 0.01 0.901 1.29 (0.02-78.98)
VEGFA mRNA levels
Tvs. | 4.12 0.042 10.09 (1.08-93.97) 4.17 0.041 3.72 (1.05-13.17)

HR, hazard ratio; CI, confidence interval; ccRCC, clear cell renal cell carcinoma; SHH, sonic hedgehog; SMO, smoothened; SUFU, suppressor
of fused homolog; GLII, 2, 3, glioma-associated zinc finger protein 1, 2, 3; PTCH1, patched 1; BCL2, BCL2 apoptosis regulator; CCNDI,
cyclin D1; MYC, MYC proto-oncogene; VEGFA, vascular endothelial growth factor A.

SHH signaling pathway in kidney tumor tissues. The associa-
tion between the expression of SHH pathway genes and tumor
grade has also been analyzed in colorectal carcinoma (54). The
study revealed higher SHH immunoexpression in well-differ-
entiated tumors than in poorly differentiated tumors, which is
a similar result to the current findings for SHH mRNA expres-
sion and ccRCC grade (54). However, in breast cancer tissues,
the immunoreactivity of SHH, GLI1 and GLI2 was found to be
positively associated with histological grade (55), which may
suggest different tendencies in the expression of SHH signaling
genes depending on cancer type and histological grade.

The crosstalk of SHH signaling and other cellular pathways
in malignancies has recently been featured in our previous
review (6). The associations between mRNA levels of GLI1-3
and their molecular target genes in ccRCC were determined
since there are no related data in the available literature. First,
it was revealed that mRNA levels of GLII were associated with
GLI2-3, which confirmed their canonical relationship in the
analyzed pathway. The mRNA expression levels of the SHH
gene were positively associated with those of the GLII-3 TFs.
Furthermore, the mRNA expression levels of PTCHI, BCL2,
MYC and VEGFA were related to the mRNA expression levels
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of GLII-3. Therefore, the present data suggested that the SHH  BCL2, MYC and VEGFA gene activity in ccRCC, providing
cascade was involved in the stimulation of GLII, PTCHI,

novel information. A similar association between SHH pathway
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Figure 7. Effects of GANT61, cyclopamine, RU-SKI43 and sunitinib on (A-C) GLII, (D-F) PTCHI,(G-I) BCL2,(J-L) MYC, (M-O) VEGFA and (P-R) CCNDI
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components was also observed by Saze et al (50) in gastric  expression levels of PTCHI, SMO and GLII in gastric cancer
cancer. They found positive associations between the mRNA  tissues (50). Zhou ef al (17) suggested that GLI1/2 expression
expression levels of SHH and PTCHI, as well as among the  in ccRCC is regulated by PI3K/AKT signaling, due to the
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association between GLI1/2 mRNA expression and the content
of total as well as the phosphorylated form of AKT protein.
Although the CCNDI gene encoding cyclin D1, an important
cell cycle regulator which forms a complex with Cdk4 and
Cdk6 during the G, phase (56), is listed as one of the target
genes of the SHH pathway (57), the present results revealed
weak effects of this molecular cascade on CCNDI expression
in ccRCC.

The present study analyzed the association of the expression
levels of the genes involved in the SHH pathway and its target
genes with tumor stage (TNM 8th staging edition of RCC) (4)
and histological grade (WHO/ISUP grading system) (58). The
mRNA levels of almost all studied genes were increased in
terms of both TNM staging and histological grading, predomi-
nantly in the group of less advanced cancers (TNM 1+2; ISUP
142). A clear tendency to downregulation of gene expression
in ccRCC tumors assessed as TNM 344 and ISUP 3+4 was
revealed, which is a novel observation in this type of cancer.
These data suggest that the expression levels of genes of the
SHH pathway and associated target genes may be a prom-
ising molecular marker of early kidney cancer development;
however, additional research investigating this hypothesis must
be performed. The observed decrease in GLII, BCL2, MYC
and CCNDI mRNA levels in higher grades of ccRCC (ISUP
3+4) compared with the levels in lower grades (ISUP 1+2)
indicated the prognostic potential of these parameters. The
aforementioned results were confirmed by using a 2x2 Fisher's
test for BCL2 and CCNDI expression. Jiger et al (59) deter-
mined the prognostic significance of the expression of SHH
pathway proteins in 140 samples with ccRCC via IHC. They
revealed higher immunoreactivity of GLI3, PTCH1 and SHH

in ISUP 3+4 (G3/G4) tumors than in ISUP 1+2 (G1/G2) ccRCC
tumors (59). The disparities between their results and the
present results may be caused by the differences in the applied
research techniques, IHC vs. qPCR, respectively, with the first
being considered to be qualitative or at most semi-quantitative.
Furthermore, post-translational modifications of SHH and GLI
proteins, such as structural cleavage (22), phosphorylation or
ubiquitination (60) have been reported, and such changes can
influence the immunoreactivity.

BCL2 belongs to the BCL2 family of proteins,
with anti-apoptotic properties (8). It is involved in the
intrinsic apoptotic pathway, where it blocks activation of
BCL2-antagonist/killer and BAX proteins in/during the
absence of pro-apoptotic signals (61). The negative association
between BCL2 expression and ccRCC grade reported in
the present study is consistent with the results of a study by
Itoi et al (62). They assessed 101 RCC (including 76 ccRCC
cases) specimens via IHC and western blotting and observed
higher expression levels of BCL2 in the early TNM stages
(pT1-2) and ISUP grades 1+2 than in advanced RCCs (62).
Furthermore, patients with BCL-2-positive RCC also exhibit
a longer survival period than patients with BCL-2-negative
RCC, and thus, the expression/presence of BCL-2 could be a
favorable prognostic factor in RCC (62). The same conclusion
may apply to the expression levels of the CCNDI gene, since
the present results were consistent with the results of studies by
Yang et al (63) and Wang et al (64) which analyzed the mRNA
levels of CCNDI in a large number of ccRCC samples from
Gene Expression Omnibus datasets and revealed a negative
association between CCND/ gene expression and tumor grade.

The MYC proto-oncogene acts as a TF for a broad range of
target genes encoding proteins involved in the progression of
the cell cycle and cell proliferation, differentiation, metabolism
and apoptosis (7,65). The present study confirmed the onco-
genic role of MYC due to its upregulation in ccRCC, which
was consistent with the results of a study by Tang et al (66).
They also demonstrated increased MYC expression at the
mRNA and protein levels in 44 ccRCC tumors, as well as in
786-0, 769-P, A498, ACHN and Caki-1 RCC cells (66). MYC
mRNA expression was associated with the expression levels
of BCL2, VEGFA and CCNDI, indicating that those genes
may be targets for MYC oncoprotein in ccRCC (66). These
data suggest that MYC protein may serve an important role in
ccRCC development.

The analysis of the survival period revealed a worse
prognosis for patients with TNM stages 3+4 and ISUP
grades 3+4, which was consistent with our previous studies on
ccRCC (16,35,36). Although higher overall CCNDI expression
was observed in ccRCC tissues, its decreased expression was
associated with worse patient outcomes. Generally, involve-
ment in the progression of the cell cycle makes CCNDI a
potential proto-oncogene (67). An association between CCNDI
upregulation and poor prognosis has been observed in head
and neck cancer (68) and gastric cancer (69). However, studies
investigating ccRCC (63,64) and breast cancer (70-72) have
revealed contrary data. Yang et al (63) performed a comprehen-
sive analysis of the online databases containing data on gene
expression profiles in ccRCC. Similar to the present results, they
revealed an association between a longer survival period and
higher mRNA levels of CCNDI in cancer tissues. Furthermore,
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both univariate and multivariate Cox regression analyses
demonstrated an association between CCND/ expression and
poor OS (63), which was consistent with the present results of
univariable analysis of CCNDI mRNA expression in ccRCC.
A study by Wang et al (64) revealed higher immunoreactivity
of cyclin DI in ccRCC samples compared with normal kidney
tissues, which was in line with the mRNA expression results of
the present study. Furthermore, statistical analysis of the data-
base of patients with ccRCC indicated that decreased mRNA
levels of CCNDI were related to tumor recurrence (64), which
is in agreement with the present observations. Therefore, the
CCNDI expression profile may have a prognostic significance
in ccRCC; however, more studies that also focus on cyclin D1
protein expression in ccRCC tissues are required.

The results concerning the association between increased
VEGFA expression and worse outcomes were consistent with
other studies (73,74) and our previous research (36). ccRCC
development is closely related to mutations in the VHL tumor
suppressor gene and accumulation of hypoxia-inducible factors
(HIFs), which stimulate the activation of vascular endothelial

growth factors (75). A high concentration of VEGFs induces
neoangiogenesis, which promotes tumor growth and facilitates
hematogenous metastases (76). Therefore, the compliance
of the obtained results with the widely-accepted pattern of
kidney cancer molecular development (77) suggests that
VEGFA gene expression may be a promising prognostic factor
in ccRCC (73,74,77). This observation was strengthened by
the results of Cox multivariable analysis, where patients with
advanced histological ISUP grade were at high risk of death,
but only with coexisting increased VEGFA mRNA expression
levels in the tumors. This observation is in accord with our
previous report that patients with ccRCC with advanced ISUP
grades and high levels of VEGFA (at the mRNA or protein
level) are at higher risk of death or ccRCC recurrence (36).
The current observation concerning upregulation of
the expression levels of the SHH pathway components and
their target genes in ccRCC prompted the examination of
the influence of the SHH pathway inhibitors on renal cancer
cells in vitro. The 786-0 cell line is derived from human
renal cell adenocarcinoma and possesses features of ccRCC
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such as mutated VHL with altered HIF and VEGF signaling
pathways (78). ACHN is a metastatic cell line with uncertain
RCC histotype; however, with the molecular characterization
of papillary RCC (78). The present study also used epithelial
HK2 cells derived from kidney proximal tubules to determine
the effects of inhibitors on normal kidney cells (78).

The present study examined inhibitors of the SHH pathway
acting on three different targets. RU-SKI43 blocks HHAT, an
enzyme which catalyzes posttranslational modifications of
SHH, thus inhibiting secretion of N-SHH (21). Treatment of
AsPC-1 and Panc-1 pancreatic cancer cells with RU-SK143 was
found to decrease their proliferation rate but also reduced the
expression levels of GLII in AsPC-1 cells (79). These results
are associated with the inhibition of HHAT activity, since C-2,
a compound structurally related to RU-SKI143 with no HHAT
blocking ability, has no effect on pancreatic cell lines (79).
Furthermore, RU-SK143 was found to decrease the proliferation
of T47D breast cancer cells, which exhibit high expression levels
of HHAT (80). These promising results regarding RU-SKI43
acting on pancreatic and breast cancer cell lines prompted the
selection of this SHH ligand inhibitor for assessment in the
present study, which, for the first time, assessed its effects on
renal cancer cells. Cell cycle analysis revealed a dose-dependent
decrease in the fraction of 786-O and ACHN cells in the
G,/G, phase after RU-SKI43 treatment. The mRNA levels of
some SHH target genes were downregulated in ACHN cells;
however, in 786-0 cells, RU-SKI43 increased the expression
levels of the MYC and VEGFA oncogenes. The latter finding
may be explained by low activity of the HHAT enzyme in
these cells, as this compound does not inhibit the proliferation
of HHAT-negative pancreatic cell lines (79); however, further
experiments should be performed to confirm this thesis.

Among numerous SHH inhibitors, cyclopamine, a
compound blocking SMO protein activity, has been widely
tested in different types of cancer cells and tissues (81-83). At
present, three functional analogs of cyclopamine, vismodegib,
sonidegib (used for the treatment of metastatic basal cell carci-
noma) and glasdegib (treatment of acute myeloid leukemia),
have been approved by the Food and Drug Administration
(FDA) (84). The inhibition of cell division indicates the
possible usefulness of cyclopamine as a promising anticancer
agent in ccRCC. Furthermore, the present results revealed that
cyclopamine blocked the expression of SHH target genes to a
higher degree than the other analyzed SHH pathway inhibitors.
However, wound healing analysis did not reveal any significant
effect of cyclopamine on the migration of renal cancer cells.
The analysis performed by Dormoy er al (85) demonstrated
anti-proliferative and pro-apoptotic properties of cyclopamine
in relation to 786-0 cells. Furthermore, cyclopamine treatment
decreased the mRNA levels of almost all SHH pathway genes,
including GLII, which is consistent with previous results (85).
In vivo cyclopamine studies have demonstrated tumor regres-
sion in nude mice bearing human ccRCC tumors (85). The
present results were also consistent with those obtained by
D'Amato et al (86) who analyzed the effects of sonidegib
on 786-0 cells. This SHH inhibitor, when used alone, does
not have a significant effect on cell viability and migration;
however, it decreases the levels of GLI1 protein measured by
western blotting (86). A decrease in 786-0O cell survival and
migration rates is only observed when sonidegib is used in

combination with everolimus (inhibitor of mTOR signaling)
or sunitinib (multi-targeted RTK inhibitor) and similar results
have been obtained for sunitinib-resistant 786-O SuR cells (86).
Therefore, it was hypothesized that blockade of the SHH
pathway at the SMO protein level by binding with cyclopamine
or its derivatives appears to have the best anticancer proper-
ties in ccRCC among other analyzed inhibitors, especially in
combination with other drugs targeting other cellular processes
and signaling pathways, such as everolimus or sunitinib.

GANT®6I is a downstream SHH pathway inhibitor, with
the ability to change the conformation of GLI1 and GLI2,
thus preventing the expression of their target genes (24,25).
The reports of the resistance to FDA-approved cancer
therapies targeting SHH signaling (87), and the involvement
of other pathways, such as PI3K/AKT, in the stimulation of
GLI-mediated transcription (17) suggest that direct inhibition
of GLIs may be more effective than targeting the upstream
SHH pathway components. Although the promising effects
of using GANT61 have been observed in experiments on
ovarian (88) or glioblastoma cells (89), this compound has
not yet been examined in clinical trials. The present analysis
revealed that GANT61 arrested ACHN and 786-O kidney
cancer cells in the G,/M phase and inhibited the migration
of 786-0 cells. However, GANT61 at a high dose (EC,;)
increased the number of HK?2 cells in the sub-G, phase of the
cell cycle, which may suggest that this SHH pathway inhibitor
stimulates apoptosis of normal kidney cells. This observation
suggests that GANT61 does not act specifically on cancer
cells, thus its clinical usefulness seems to be weak. Moreover,
an unexpected increased expression of SHH target genes after
GANTGI treatment, was observed. The latter finding suggests
that the transcriptional activity of GLIs in kidney cancer cells
can be stimulated by pathways other than SHH, as suggested
by Zhou et al (17). They demonstrated that dual blockade
of GLI TFs by GANT61 and perifosine (an AKT inhibitor)
provided improved anti-proliferative and pro-apoptotic
effects on 786-O and 769-P RCC cells compared with the
separate treatment with these two drugs (17). Furthermore,
in vivo treatment of cancer-bearing mice with both GANT6I
and perifosine was found to be associated with higher renal
cancer suppression than treatment with either of these agents
alone, and this is reflected by the reduction in tumor volume
and increased immunoreactivity of an apoptotic marker
(cleaved-caspase 3) in cancer tissues (17). It has been demon-
strated that activation of the MAPK/ERK signaling pathway
stimulates the transcriptional activity of GLIs in gastric
cancer (6). Therefore, due to the possible involvement of other
signaling pathways in the regulation of transcriptional activity
of GLIs in kidney cancer, the antitumor properties of GANT61
appear to be weak.

To compare the effects of SHH inhibitors with the drug
widely used for RCC therapy we included in the study suni-
tinib-the first-line chemotherapeutic applied for RCC treatment.
The present analysis revealed a stronger effect of sunitinib
on SHH-activated genes in kidney cancer cell lines than that
of GANTG61. This novel finding of the increased expression
levels of GLII and VEGFA in RCC cell lines after sunitinib
treatment may correspond to the widely observed acquisition
of sunitinib-resistance in advanced ccRCC cases (90). It was
hypothesized that upregulation of GLII and VEGFA expression
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may lead to enhanced viability and aggressiveness of tumor
cells even if cell motility after treatment of cells with sunitinib
was widely reduced. It was also suggested that, in RCC tumors,
some cancer cells secrete high doses of VEGFA in response
to sunitinib, enhancing the survival of cancer by increasing
neoangiogenesis and enriching the tumor microenvironment.
This could explain the results of our previous study, which
documented a strong relationship between patient survival and
occurrence of metastasis (high HRs), treatment with sunitinib
and high expression of VEGFA (at the mRNA and protein
level) in ccRCC tissues (36). However, this hypothesis requires
further analysis in in vitro and in vivo models.

In conclusion, the present study indicated that, similarly to
some other cancer types, the SHH pathway is active in ccRCC;
however, the expression levels of its components are mainly
upregulated in tumors at the early stages and grades of the
disease. The SHH effectors GLI1-3 were strongly associated
with the upregulation of MYC, BCL2 and VEGFA oncogenes
in ccRCC tissues; however, the expression of those genes in
RCC cell lines was not inhibited by SHH pathway-targeting
drugs, with the exception of cyclopamine. The ambiguous
results of the effects of GANT61 on SHH target expres-
sion may exclude this drug from further studies in ccRCC.
Therefore, it was suggested that RU-SKI43 and cyclopamine
and its derivatives should be further investigated, especially in
early and intermediate stages of ccRCC in in vitro and in vivo
models. Despite the apparent inhibition of RCC cell migration
by sunitinib, the observed upregulation of GLII, BCL2, MYC
and VEGFA oncogenes is yet another challenge to overcome in
the first-line therapy of advanced ccRCC with sunitinib (36).
Another novelty of the present study was the observation of
worse outcome in patients with ccRCC with low expression
levels of CCNDI. Although cyclin D has been acknowledged as
an oncoprotein, the role of its decreased expression in ccRCC
compared with other malignancies should be further inves-
tigated. Furthermore, the relationship between high VEGFA
expression and low CCNDI expression and patient outcomes
should be taken into consideration in the identification of
potential prognostic factors in ccRCC.
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