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7-dehydrocholesterol suppresses melanoma cell
proliferation and invasion via Akt1l/NF-kB signaling
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Abstract. Melanoma is the most lethal cutaneous cancer with
a high metastatic rate worldwide, causing ~55,500 deaths
annually. Although the selective B-Raf oncogene serine/thre-
onine-kinase (BRAF) inhibitors, dabrafenib and vemurafenib,
have been approved for the treatment of BRAF-mutant
metastatic melanoma, the 5-year survival rate remains unfa-
vorable due to acquired therapy resistance. Therefore, it is
of great importance to develop alternative therapeutic drugs
and uncover their mechanisms for the treatment of melanoma.
7-dehydrocholesterol (7-DHC) has been demonstrated to
inhibit melanoma, but the mechanism is unclear. Therefore,
the present study aimed to elucidate the mechanisms of the
inhibitory effect of 7-DHC in melanoma cells via analyzing
the proliferation, migration, apoptosis, cell cycle and tran-
scriptional sequencing of melanoma cells treated with 7-DHC,
as well as constructing a gene signature according to public
data of patients with melanoma. In the present study, 7-DHC,
the precursor of vitamin D;, was able to induce apoptosis
and inhibit cell proliferation and invasion of melanoma cells
in a dose-dependent manner. RNA sequencing of melanoma
cells treated with different concentrations of 7-DHC revealed
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that, compared with untreated melanoma cells, 65 genes were
downregulated, and genes involved in the regulation of NF-xB
import into the nucleus and NF-xB signaling were signifi-
cantly repressed. Consistently, the Akt kinase family was one
of most common somatic mutation hotspots in patients with
melanoma according to The Cancer Genome Atlas enrichment
analysis. Furthermore, 7-DHC decreased the phosphorylation
of Aktl-Ser473 rather than that of MEK1, and the decreased
phosphorylation of Aktl subsequently inhibited the trans-
location of free RELA proto-oncogene NF-kB subunit to
the nucleus. Finally, by intersecting downregulated genes
by 7-DHC treatment and upregulated genes in patients with
melanoma, a 7-DHC gene signature was identified, which was
negatively associated with the prognosis. Overall, the present
results demonstrated that 7-DHC suppressed melanoma cell
proliferation and invasion via the Aktl/NF-xB signaling
pathway, and 7-DHC key target genes were negatively associ-
ated with the prognosis. These findings highlight the potential
application of 7-DHC for the treatment of melanoma in the
future.

Introduction

Melanoma, originating from melanocytes that produce
melanin, is the most common type of skin cancer with a poor
prognosis (1). Epidemiological studies demonstrated that
~55,500 people die of melanoma annually worldwide (2,3), and
its incidence rate was the highest among Caucasians, particu-
larly in New Zealand (0.0358%) and Australia (0.0349%) in
2012 (4). Clinically, melanoma lesions are classified according
to their location and progression, ranging from benign nevi
to metastatic melanoma (5). The exact cause of melanoma
is unknown; however, exposure to ultraviolet radiation from
sunlight increases the risk of developing melanoma (6).
Additionally, genetic background and pigmentation status
contribute to cancer predisposition (7-9). Melanoma can be
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cured at the early stage; however, advanced melanoma easily
metastasizes to lymph glands without cell adhesion between
Ilymph nodes and other metastases, leading to treatment
resistance and a poor prognosis (5). Before the approval of
selective kinase inhibitors, such as dabrafenib, vemurafenib
and trametinib, for metastatic melanoma in 2010 (10), the
5-year survival rate for patients with advanced melanoma was
only 16% (11,12).

It is estimated that ~40% of melanoma cases contain
oncogenic B-Raf oncogene serine/threonine-kinase (BRAF)
somatic mutations, which lead to the constitutive activation
of MAPK signaling and resistance to chemotherapy. The
most common BRAF mutation is V60OE, which accounts for
~5-90% of the BRAF mutations in melanoma (13). Since 2010,
vemurafenib and dabrafenib targeting BRAF V600E have
been approved for the treatment of patients with advanced
melanoma in numerous countries around the world (10). Both
progression-free survival and overall survival times are now
extended in patients with metastatic melanoma with BRAF
V600E mutation (14). However, the 5-year survival rates of
melanoma remain unfavorable, due to resistance to treatment
in most patients within ~12 months (12). Therefore, identifi-
cation of novel therapeutic targets and understanding their
molecular mechanisms are urgently required for melanoma
therapy.

The precursor of vitamin D;, 7-dehydrocholesterol
(7-DHC), is stored under human skin and serves an important
role in regulating calcium and phosphorus metabolism (13,15).
7-DHC has been demonstrated to be associated with numerous
processes, such as the maintenance of the epidermal barrier
and the treatment of common skin diseases (16). Recently,
researchers revealed that 7-DHC treatment could specifically
promote the phosphorylation of interferon regulatory factor 3
and enhance type I interferon production in macrophages,
suggesting 7-DHC as a potential therapeutic agent against
emerging or highly pathogenic viruses (17). In addition, in
ovarian cancer, the replacement of cholesterol by 7-DHC
efficiently enhances the anticancer activity of photosensi-
tizer-encapsulated liposomes upon irradiation (18), and 7-DHC
peroxide exhibits improved anticancer activity and selectivity
over ergosterol peroxide (19). Although the mechanism has not
been fully elucidated yet, 7-DHC has been demonstrated to
elicit cytotoxic and apoptosis-promoting effects in melanoma
cells (20).

In the present study, the transcriptome analysis of
A375 cells with 7-DHC treatment and mutational hotspots of
kinase-coding genes recorded in The Cancer Genome Atlas
(TCGA) database were integrated to determine the molecular
mechanism underlying the anticancer property of 7-DHC and
provide a theoretical basis for its clinical application.

Materials and methods

Cell lines and cell culture. A375 malignant melanoma and
293T embryonic kidney cells were purchased from the China
Infrastructure of Cell Line Resources (Institute of Basic
Medical Sciences; Chinese Academy of Medical Sciences).
A2058 melanoma cells were kindly provided by Dr Qiong Yang
from the Fang Lab of the Beijing Institute of Genomics of the
Chinese Academy of Sciences. All cells were maintained in

high-glucose DMEM (Gibco; Thermo Fisher Scientific, Inc.)
supplemented with 10% FBS (Gibco; Thermo Fisher Scientific,
Inc.) and 1% penicillin-streptomycin (Beijing Solarbio Science
& Technology Co., Ltd.) at 37°C, 95% humidity and 5% CO,.

Reverse transcription-quantitative PCR (RT-gPCR) assay.
Total RNA was extracted from A375 and A2058 melanoma
transfected cells or cells treated with the AKT1 inhibitor
MK-2206 (1 uM; cat. no. HY-10358; MedChemExpress) or the
AKT inhibitor ITI (1 #M; cat. no. HY-10355; MedChemExpress)
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific,
Inc.), and cDNA was produced using a reverse transcription
kit (TransScript All-in-One First-Strand cDNA Synthesis
SuperMix for gPCR; TransGen Biotech Co., Ltd.) at 42°C for
15 min according to the manufacturer's protocol. gPCR was
performed using SYBR PCR mix (TransGen Biotech Co.,Ltd.)
and GAPDH was used as the housekeeping gene for internal
reference. The following primers were used to amplify genes
at a concentration of 5 yM: RELA proto-oncogene NF-kB
subunit (RELA; gene ID,ENSG00000173039) forward, 5'-TTC
CGACCGGGAGCTCAGTG-3' [20 bp; melting temperature
(Tm), 61°C] and reverse, 5“-TGCGGGAAGGCACAGCAAT-3'
(19 bp; Tm, 62°C); long intergenic non-protein coding RNA
552 (LINCO00552; gene ID, ENSG00000279770) forward,
5'-ACACAGACATGCACACACAGG-3' (21 bp; Tm, 60°C)
and reverse, 5'-GGGGCCAGTGGATTTTCATG-3' (20 bp;
Tm, 58°C); ADAM metallopeptidase domain 19 (ADAMI19;
gene ID,ENSG00000135074) forward,5'-CGAGAAGGTGAA
TGTGGCAGGA-3' (22 bp; Tm, 61°C) and reverse, 5'-AGCTCT
GACACTGGATCTTCCC-3' (22 bp; Tm, 60°C); C-X-C motif
chemokine ligand 3 (CXCL3; gene ID, ENSG00000163734)
forward, 5'-TCCGTGGTCACTGAACTGCG-3' (20 bp;
Tm, 61°C) and reverse, 5'-"AGTTGGTGCTCCCCTTGTTCA-3'
(21 bp; Tm, 60°C); insulin-like growth factor binding protein 5
(IGFBPS5; gene ID, ENSG00000115461) forward, 5'-ACCTGA
GATGAGACAGGAGTC-3' (21 bp; Tm, 56°C) and reverse,
5'-GTAGAATCCTTTGCGGTCACAA-3' (22 bp; Tm, 57°C);
MMPY (gene ID, ENSG00000100985) forward, 5'-AAC
TACGACCGGGACAAGCTC-3" (21 bp; Tm, 60°C) and
reverse, 5S'-~ACAGGTCGAGTACTCCTTACCCAG-3' (24 bp;
Tm, 60°C); a-methylacyl-CoA racemase (AMACR; gene ID,
ENSG00000242110) forward, 5'-~AGAACCCCAGTTCTA
CGAGCTG-3' (22 bp; Tm, 60°C) and reverse, 5'-"ACTCTGCCT
TCGTCTTCTCTGC-3' (22 bp; Tm, 61°C); heme oxygenase 1
(HMOX1; gene ID, ENSG00000100292) forward, 5'-ACC
CAGGCAGAGAATGCTGAG-3' (21 bp; Tm, 61°C) and
reverse, 5'-~ACATAGATGTGGTACAGGGAGGC-3' (23 bp;
Tm, 60°C); IL11 (gene ID, ENSG00000095752) forward,
5'"TCCTGACCCGCTCTCTCCTG-3' (20 bp; Tm, 62°C)
and reverse, 5~ AGGGAATCCAGGTTGTGGTCC-3' (21 bp;
Tm, 60°C); lipocalin 2 (LCN2; gene ID, ENSG00000148346)
forward, 5'-AGAGCTACAATGTCACCTCCGTC-3' (23 bp;
Tm, 60°C) and reverse, 5'-TCTTAATGTTGCCCAGCG
TGAACT-3' (24 bp; Tm, 61°C); prostaglandin-endoperoxide
synthase 2 (PTGS2; gene ID, ENSG00000073756) forward,
5'-TACCCACTTCAAGGGATTTTGGAACG-3' (26 bp;
Tm, 61°C) and reverse, 5'-AGTCAGCATTGTAAGTTG
GTGGACT-3' (25 bp; Tm, 61°C); and GAPDH (gene ID,
ENSG00000111640) forward, 5'-AGCCACATCGCTCAG
ACAC-3' (19 bp; Tm, 59°C) and reverse, 5'-ACCAGGCGC
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CCAATACGA-3' (18 bp; Tm, 60°C). The gPCR thermocy-
cling conditions were as follows: 94°C for 30 sec, followed by
40 cycles of 5 sec at 94°C for denaturation and 60°C for 30 sec
for annealing/extension using the two-step method. The expres-
sion fold changes were calculated using the 222°4 method (21).

Lentivirus packaging and infection. Three short hairpin
RNAs (shRNAs) of RELA, namely shRNA-1 (5-CGGATT
GAGGAGAAACGTAAATTCAAGAGATTTACGTTT CTC
CTCAATCCGTTTTTTG-3'), shRNA-2 (5-GCCTTAATA
GTAGGGTAAGTTTTCAAGAGAAACTTACCCTAC TAT
TAAGGCTTTTTTG-3") and shRNA-3 (5'-GGATTCATT
ACAGCTTAATTCAAGAGATTAAGCTGTAATGAA TCC
ATTTTTTG-3"),and a scrambled control shRNA (5'-CGGTCC
TAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCG ACT
TAACCTTAGGTTTTTG-3'), were synthesized by Genewiz,
Inc., and were then cloned into PLKO.1-EGFP-T2A-Puro
(Addgene, Inc.) via Agel/EcoRI enzyme digestion sites.
High titer production of lentivector was achieved by tran-
siently co-transfecting 293T cells with lentiviral packaging
plasmids, 4 ug pCMVRS.2, 1 ug pCMV-VSVG (Addgene,
Inc.) and 3 ug RELA-shRNA-expressing constructs via
Lipofectamine® 3000 (1 pl Lipofectamine 3000 per pg
plasmid; Invitrogen; Thermo Fisher Scientific, Inc.). At
70-90% confluence, A375 melanoma cells were infected
with the aforementioned shRNA lentiviruses with the help of
Polybrene with a final concentration of 6 g/ml (Sigma-Aldrich;
Merck KGaA), according to the manufacturer's protocol. RNA
was harvested 48 h post-infection to determine the knockdown
efficiency using RT-qPCR, as aforementioned.

Cell proliferation assay. A375 cells treated with multiple
concentrations (0, 1,2.5,5, 10 and 25 M) of 7-DHC or infected
with RELA-shRNA lentivirus, were cultured in a 96-well plate
at a density of 5,000 cells/well at 37°C for 48 h. Subsequently,
10 ul Cell Counting Kit-8 (APeXBIO Technology LLC) solu-
tion was added to each well and incubated at 37°C with 5% CO,
for another 4 h, according to the manufacturer's protocol.
Absorbance was measured at a wavelength of 450 nm using an
ELISA plate reader (Thermo Fisher Scientific, Inc.).

Apoptosis and cell cycle analysis using flow cytometry. A375
and A2058 cells were treated with ethanol (negative control)
and different concentrations (1, 5 and 10 yuM) of 7-DHC at
37°C for 48 h and were then harvested at 500 g at 20°C for
5 min and washed twice with PBS. Apoptosis was detected
using the TransDetect Annexin V-FITC/PI Cell Apoptosis
Detection kit (TransGen Biotech Co., Ltd.) according to
the manufacturer's protocol; briefly, cells were resuspended
with 100 ul Annexin V binding buffer and stained with 5 ul
Annexin V-FITC and 5 ul PI for 20 min at room temperature.
For cell cycles analysis, the cells were fixed with 70% ethanol
at 4°C overnight. On the next day, using the DNA Content
Quantitation Assay kit (Beijing Solarbio Science & Technology
Co., Ltd.), the cells were stained with 20 ul PI (50 ug/ml) and
20 pul RNase A (50 pg/ml) for 30 min at 4°C. All samples were
detected using a flow cytometer (NovoCyte 2040R; ACEA
Bioscience, Inc.; Agilent Technologies) and analyzed using
the NovoExpress 1.4.1 software (ACEA Bioscience, Inc.;
Agilent Technologies).

Hoechst-PI double staining. A total of 5x10° A375 and A2058
melanoma cells were cultured in 6-well plates at 37°C for
48 h. During this period, some cells were treated with 25 yM
7-DHC, while negative control cells were treated with ethanol.
Subsequently, 5 ul Hoechst and 5 ul PI staining solution from
a Hoechst/PI double-staining kit (Beijing Solarbio Science &
Technology Co., Ltd.) were added to the cells at 37°C for 1 h.
Finally, the plates were observed under a fluorescence micro-
scope (eye lens x objective lens, 10x10; Leica S/N 443077,
Leica Microsystems, Inc.).

Real-time cellular analysis (RTCA) assay. The migration
rates of A375 and A2058 cells were analyzed using RTCA.
A375 and A2058 cells were seeded into the upper chamber of
individual CIM-Plate-16 (5,000 cells/well; ACEA Bioscience,
Inc.; Agilent Technologies) in 130 xl DMEM without FBS.
The upper chamber was then placed on the lower chamber
of the CIM-Plate-16, which contained DMEM supplemented
with 10% FCS as an attractant. Changes in impedance
resulting from cells that had migrated to the bottom side of the
membrane were recorded every 5 min and were monitored for
a total of 36 h. Finally, the cell index values representing the
migration rates were calculated using the xCELLigence 1.1
software (ACEA Bioscience, Inc.; Agilent Technologies, Inc.).

Chromatin immunoprecipitation (ChIP)-gPCR. ChIP experi-
ments were performed using a SimpleChIP Plus Sonication
Chromatin IP kit (Cell Signaling Technology, Inc.), according
to the manufacturer's protocol. Normal rabbit IgG antibody was
used as a control. Antibodies were as follows: Normal rabbit IgG
(1:5,000; cat. no. 2729S; Cell Signaling Technology, Inc.) and
anti-RELA (1:1,000; cat. no. ab19870; Abcam). Antibodies were
incubated at 4°C overnight. Subsequently, gPCR was performed
using SYBR PCR mix kit (TransGen Biotech Co., Ltd.), and
GAPDH was used as the reference gene. D130D1 was used as
the negative control. The qPCR thermocycling conditions were
as follows: 94°C for 30 sec, followed by 40 cycles of 5 sec at
94°C for denaturation and 60°C for 30 sec for annealing/exten-
sion using the two-step method. The expression fold changes
were calculated using the 2244 method (21). Primers for RELA
target genes promoter regions were as follows: LINC00552-P-1
forward, 5'"TCCATTATGAGCCCTGGGAC-3', and reverse,
5'“TCCCGGAGCCTCATTGATAC-3'; LINC00552-P-2
forward, 5'-GCTCTCTCACCATGCGATTG-3', and reverse,
5-AGGCTGAGAAGTCCAAGGTC-3'; ADAMI19-P-1 forward,
5-GGCTTTGTTCCCACGTTCTG-3', and reverse, 5'-GAG
GAAGGAGAAGGCGAGAA-3"; ADAMI19-P-2 forward,
5'"TGGAAGAACACACGTCTGGT-3', and reverse, 5'-CTT
TCCCCACACACCAAGC-3"; ADAM19-P-3 forward, 5-TTT
GTCGCCCAGGAGCAATA-3', and reverse, 5-"~AGGGGATTT
TGTCATGGGAAC-3";, CXCLI1-P-1 forward, 5-ATCCCAAAG
TCCCAGAGTGC-3, and reverse, 5-CAAGATCGGCGAACC
CTTTT-3'; MMP9-P-1 forward, 5-CAGTACCGAGAGAAA
GCCTATT-3, and reverse, 5'-CAGGATGTCATAGGTCAC
GTAG-3"; and GAPDH forward, 5~AGCCACATCGCTCAG
ACAC-3, and reverse, 5~ACCAGGCGCCCAATACGA-3.

Wound-healing assay. The A375 cell line is a typical
malignant melanoma cell line, and therefore, wound-healing
assays were performed in A375 cells to illustrate the inhibition
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of migration by 7-DHC. A375 melanoma cells were cultured in
six-well plates in DMEM with 10% FBS at 37°C, 95% humidity
and 5% CO, for 24 h until the cells reached 100% conflu-
ence. Subsequently, 200-ul sterile pipette tips were used to
scratch the cells in the middle of each well. The medium of
each well was discarded, PBS was added to wash cells and
remove floating cells, and serum-free DMEM was added into
each well. Different concentrations of 7-DHC were added into
each well, with the final 7-DHC concentrations being 0, 1, 5,
10 and 25 uM. Wound-healing was observed and captured
using a light inverted microscope at a magnification of 10x10
(eye lens x objective lens) at 0, 24 and 48 h. Lastly, the migra-
tion rate was evaluated by detecting the width of the cell-free
region using GraphPad Prism 5 (GraphPad Software, Inc.) for
the quantification and plotting.

Western blotting. Total protein lysates isolated from A375 and
A2058 melanoma cells treated with different concentrations
of 7-DHC (0, 1, 2.5, 5, 10 and 25 uM) or 1 uM insulin-like
growth factor 1 (IGF1; Beijing Solarbio Science & Technology
Co., Ltd.) at 37°C for 48 h, were collected using RIPA buffer
with a protease inhibitor cocktail (Beijing Solarbio Science &
Technology Co., Ltd.). In addition, the nuclear and cytoplasmic
proteins of A375 and A2058 cells were collected using the
NE-PER Nuclear and Cytoplasmic Extraction Reagents kit
(cat. no. 78835; Thermo Fisher Scientific, Inc.), according
to the manufacturer's protocol. For western blotting, protein
concentration was determined using a BCA assay and proteins
(20 pg/lane) were separated via 12% SDS-PAGE and trans-
ferred onto a nitrocellulose membrane (EMD Millipore). The
membrane was blocked with 5% skimmed milk in TBS-Tween
(0.19% Tween 20) at room temperature for 1 h and then incubated
at4°C overnight with primary antibodies against Akt1 (1:1,000;
cat. no. 33224; Signalway Antibody LLC), phosphorylated (p)
Aktl-Serd473 (1:1,000; cat. no. 13357; Signalway Antibody
LLC), pAkt1-Thr308/309 (1:1,000; cat. no. 13311; Signalway
Antibody LLC), MEK1 (1:1,000; cat. no. 21428; Signalway
Antibody LLC), pMEK 1-ser217/ser221 (1:1,000; cat. no. 11205;
Signalway Antibody LLC), histone H3 (H3; 1:1,000;
cat. no. ab1791; Abcam), RELA (1:1,000; cat. no. ab19870;
Abcam), TUBULIN (1:5,000; cat. no. RM2007L; Beijing Ray
antibody Biotech) and GAPDH (1:5,000; cat. no. ab181602;
Abcam). After washing, the membrane was incubated with
anti-mouse (1:5,000; cat. no. ab97040; Abcam) or anti-rabbit
(1:5,000; cat. no. ab7090; Abcam) HRP-conjugated secondary
antibodies at room temperature for 1 h. Bands recognized by
antibodies were revealed using an ECL reagent (Thermo Fisher
Scientific, Inc.) on Exposure meter Azure Imager 300 (Azure
Biosystems, Inc.). Finally, ImageJ 1.52 software (National
Institutes of Health) was used for quantification of protein
expression.

Dual-luciferase assay. A375 melanoma cells were
co-transfected with vectors of firefly luciferase and Renilla
luciferase (Addgene, Inc.) using Lipofectamine 3000 (1 ul
Lipofectamine 3000/ug plasmid; Invitrogen; Thermo Fisher
Scientific, Inc.) at 37°C for 48 h. Notably, the transcrip-
tion of firefly luciferase was regulated by a mini-promoter
constructed with 4 repeating RELA motifs (5'-GGGAAT
TTCC-3"). The growth medium from the cultured cells was

removed, and a sufficient volume of PBS was gently added to
wash the surface of the culture vessel. The vessel was briefly
swirled to remove the detached cells and residual growth
medium, and PBS was removed. Subsequently, 1X passive
lysis buffer from the dual-luciferase reporter assay system
kit (cat. no. E1960; Promega Corporation) was added to each
culture well, and the culture plates were rocked at room
temperature for 15 min. A total of 100 pl Luciferase Assay
Reagent II from the dual-luciferase reporter assay system kit
(cat. no. E1960; Promega Corporation) was added to luminom-
eter tubes including 20 ul lysate of samples. The absorbance
was measured at a wavelength of 560 nm to detect the firefly
luciferase activity. Stop & Glo Reagent (100 pl; Promega
Corporation) was added to each tube, and the absorbance at
a wavelength of 470 nm was measured to detect the Renilla
luciferase activity. The luciferase results were determined via
dividing the absorbance value of 560 nm by the absorbance
value of 470 nm to normalize the firefly luciferase activity by
the Renilla luciferase activity.

Bioinformatics analysis. R 3.5.1 software (https://www.
r-project.org/) was used to analyze the RNA sequencing
(RNA-seq) data of 7-DHC-treated (10 and 25 uM) A375
melanoma cells and the bioinformatics data from TCGA
(https://www.cancer.gov/about-nci/organization/ccg/research/
structural-enomics/tcga) and Gene-Tissue Expression (GTEX;
http://genome.ucsc.edu/gtex.html) databases. Firstly, the
limma 3.44.3 R package (http:/www.bioconductor.org/pack-
ages/release/bioc/html/limma.html) was used to analyze the
gene expression pattern of A375 cells treated with 7-DHC
vs. ethanol to determine the differentially expressed genes
[log fold change >1, adjusted (adj-)P<0.05]. ClusterProfiler
3.16.1 R package (http://www.bioconductor.org /pack-
ages/release/bioc/html/clusterProfiler.html) was used for the
Gene Set Enrichment Analysis (GSEA) (22), which used the
gene set c2.all.v6.2.entrez.gmt downloaded from the GSEA
website (http://software.broadinstitute.org/gsea/downloads.
jsp) for enrichment pathway, based on the aforementioned
differential expression results.

Secondly, for the public data from TCGA and GTEX
databases, the transcriptome data from 471 samples of patients
with melanoma were downloaded from TCGA skin cutaneous
melanoma (TCGA-SKCM) dataset and data from 813 normal
skin samples were downloaded from the GTEX (http:/genome.
ucsc.edu/gtex.html) database. In order to compare the gene
expression in normal and tumor samples, the RNA-seq data
from TCGA and GTEX databases were normalized by log2
(fragments per kilobase of exon per million value) and the
limma R package was used to analyze the gene expression
pattern to screen for significantly differential genes (log fold
change >1, adj-P<0.05).

Statistical analysis. Univariate and multivariate Cox propor-
tional hazards regression analyses were performed, based on
19 genes of intersection between upregulated genes in mela-
noma tissues from TCGA-SKCM dataset and downregulated
genes in melanoma cells treated with 7-DHC. Furthermore, a
5-gene prognosis predictive model was constructed,and patients
with melanoma from TCGA-SKCM dataset were classified
into high- and low-risk groups according to the mean value
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of the risk score calculated using the survival 2.43 R package
(https://CRAN.R-project.org/package=survival Analysis). The
survivalROC 1.0.3 R package (https://cran.r-project.
org/web/packages/survivalROC/index.html) was used to
construct the time-dependent receiver operating characteristic
(ROC) curve, in order to assess the sensitivity and specificity of
the 5-gene signature in predicting survival. The Kaplan-Meier
method and log-rank test were used to estimate the overall
survival (OS). In addition, GraphPad Prism 5 (GraphPad
Software, Inc.) was used for statistical analysis, and unpaired
Student's t-test was used to compare the difference between
two groups, while one-way ANOVA was used to compare
differences among =3 groups, followed by Tukey's post hoc
test. Data were presented as the mean + standard deviation,
and the experiments were repeated =3 times in each group.
P<0.05 was considered to indicate a statistically significant
difference.

Results

7-DHC increases apoptosis and inhibits proliferation and
migration of melanoma cells. To confirm the anticancer
property of 7-DHC on melanoma cells, proliferation assays
were performed. Human embryonic kidney 293T cells and
A375 and A2058 melanoma cells were treated with increasing
concentrations of 7-DHC (0, 1,2.5, 5, 10 and 25 uM) for 48 h.
The results revealed that 10 and 25 yM 7-DHC significantly
inhibited the proliferation of melanoma cells (Fig. 1A and B),
but not that of 293T cells (Fig. S1). Subsequently,
Annexin V-FITC and PI staining was used to evaluate the
apoptosis rate of A375 and A2058 melanoma cells treated
with different concentrations (1,5 and 10 M) of 7-DHC. The
results of the flow cytometer assay revealed that the propor-
tion of late apoptotic A375 and A2058 cells was markedly
increased with the increasing doses of 7-DHC compared with
the ethanol control (Fig. 1C and D). In addition, Hoechst/PI
double staining assay revealed that 7-DHC induced necrosis
in melanoma cells (Fig. S2A). Tumor metastasis is one of
the hallmarks of malignant melanoma and is closely associ-
ated with a poor prognosis (23). In order to investigate the
migration capability of melanoma cells treated with 7-DHC,
RTCA assay was used to continuously monitor the cell index
value for 36 h, and wound-healing assay was used to detect
the cell migration rate. The results of RTCA demonstrated
that the cell index of A375 and A2058 cells treated with
25 uM 7-DHC was lower compared with that of cells treated
with ethanol or with low concentrations of 7-DHC at 36 h,
which demonstrated that only a high concentration (25 M)
of 7-DHC had the ability to inhibit the migration rate of
melanoma cells (Fig. 1E and F). Similarly, the wound-healing
assay revealed that the migration rate of melanoma cells
treated with 7-DHC was lower compared with that of the
ethanol control (Fig. S2B), suggesting that the migration of
melanoma cells was negatively affected by 7-DHC.
Considering that cell proliferation is regulated by the cell
cycle, flow cytometry was used to evaluate any changes in the
cell cycle that may lead to apoptosis and low proliferation of
melanoma cells. Flow cytometry revealed that the cell cycle
of A375 and A2058 melanoma cells treated with 7-DHC
was blocked at the S phase in a dose-dependent manner

(Fig. S3A-D), which may result in apoptosis of melanoma cells
and may limit their proliferation rate.

RNA-seq analysis of melanoma cells treated with 7-DHC.
In order to further investigate the mechanism of 7-DHC on
inhibiting melanoma, whole transcriptome sequencing of
A375 melanoma cells treated with 7-DHC (10 and 25 uM)
and ethanol control was performed three times. Significant
differential expression of genes in A375 cells treated with
7-DHC versus ethanol control were screened for, revealing
an intersection of differentially expressed genes, including 65
downregulated genes and 14 upregulated genes, shown using
a Venn diagram and a heatmap in Fig. 2A. Subsequently,
RNA-seq of A375 cells treated with 7-DHC was analyzed
via GSEA to screen for altered signaling pathways. GSEA
results revealed that genes associated with positive regula-
tion of NF-kB import into nucleus and NF-xB signaling
were significantly downregulated in A375 cells treated with
7-DHC compared with the ethanol negative control (Fig. 2B).
Due to the abnormality of NF-xB signaling, it was postulated
that 7-DHC may repress melanoma via NF-xB signaling,
and therefore the association between 7-DHC and RELA,
an important transcription factor of NF-xB signaling (24),
was analyzed. Firstly, combined with the aforementioned
RNA-seq results, three RELA-shRNA lentiviruses were
infected into A375 cells, revealing that RELA downregula-
tion also decreased the expression levels of target genes
(LINCO00552, ADAM19 and IGFBP5) of 7-DHC compared
with scrambled shRNA (Fig. 2C). Subsequently, ChIP-qPCR
of 7-DHC target genes revealed that RELA could bind to the
promoters of the aforementioned genes, especially ADAM19
and LINC00522 (Fig. 2D).

7-DHC inhibits melanoma via the Aktl/NF-xB signaling
pathway. The abnormal activation of signal transduction
caused by somatic mutations is very common in patients with
cancer, particularly in those with advanced melanoma (25-28).
In order to determine the underlying molecular mechanism of
7-DHC in melanoma, the somatic mutations of kinases, such
as Aktl, Akt2 and Akt3, involved in signal transduction were
analyzed in 471 patients with melanoma from TCGA database.
As shown in Fig. 3A, the mutation rates of Aktl, Akt2 and
Akt3, which belong to the PI3K/AKT signaling pathway, and
BRAF, upstream of MAPK signaling, were higher compared
with kinases from other signaling pathways. The PI3K/AKT
and MAPK signaling pathways were chosen to determine the
specific effect of 7-DHC via western blotting. Compared with
the ethanol negative control, treatment with 7-DHC decreased
the protein expression levels of pAktl-Ser473 rather than those
of pAkt-Thr308 or pMEK1 (Figs. 3B and S4A). Furthermore,
7-DHC increased the expression levels of RELA in cytoplasm
in melanoma cells, which demonstrated that the inhibition of
free RELA translocation into the nucleus (Figs. 3C and S4B)
suggested that 7-DHC may promote tumor regression by
decreasing NF-«kB signaling. To confirm whether 7-DHC
also inhibited RELA expression, the luciferase activity in
A375 cells treated with various concentrations of 7-DHC
was detected, revealing that 7-DHC could inhibit RELA
expression in a dose-dependent manner (Fig. 3D). In addition,
although the PI3K/AKT signaling pathway is downstream of
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Figure 1. 7-DHC increases apoptosis and inhibits proliferation and migration of melanoma cells. Cell proliferation in (A) A375 and (B) A2058 melanoma
cells treated with multiple concentrations (0, 1, 2.5, 5, 10 and 25 uM) of 7-DHC and ethanol as a control for 48 h. Apoptosis of (C) A375 and (D) A2058
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7-dehydrocholesterol; NC, negative control.
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Figure 2. RNA-seq analysis of A375 melanoma cells treated with 7-DHC. (A) Venn diagrams show the intersection of significant differentially expressed
genes (upregulated and downregulated) in A375 cells treated with 7-DHC (compared with ethanol) in RNA sequencing performed three times. Heatmap of
79 significant differentially expressed genes in A375 melanoma cells treated with 7-DHC (T1, T2, T3) compared with ethanol control (C1, C2, C3). (B) Gene
Set Enrichment Analysis demonstrated the downregulated signaling pathways associated with NF-xB signaling in A375 melanoma cells treated with 7-DHC.
(C) Relative expression of 7-DHC target genes (RELA, LINC00552, ADAM19, CXCL3, IGFBPS and MMP9) in A375 cells infected with RELA-shRNA lenti-
viruses compared with scrambled shRNA lentiviruses. "P<0.05, “P<0.01, ““P<0.001 vs. scramble shRNA. (D) Chromatin immunoprecipitation-quantitative
PCR of RELA bound to different promoter regions of 7-DHC target genes (LINC00552-P-1, LINC00552-P-2, ADAM19-P-1, ADAM19-P-2, ADAM19-P-3,
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the NF-kB signaling pathway, the association between 7-DHC
and the two aforementioned signaling pathways was investi-
gated. Therefore, gradient concentrations (0, 1, 5 and 10 yM)

of 7-DHC were added to A375 melanoma cells together with
1 uM IGF1, an Aktl activator, at 37°C for 48 h, which demon-
strated that 7-DHC inhibited the protein expression levels
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of pAktl-Serd73, while addition of IGF1 partially rescued
this inhibition (Fig. S4C). Additionally, the Aktl inhibitors
MK-2206 (1 uM at 37°C for 48 h) and AKT inhibitor IIT (1 xM
at 37°C for 48 h) were added to A375 and A2058 melanoma
cells, and reported RELA target genes were detected via
RT-qPCR. The results demonstrated that inhibiting Aktl
could restrain the expression levels of RELA target genes
(Fig. S4D and E). In summary, 7-DHC may inhibit melanoma
via the Aktl/NF-kB signaling pathway.

7-DHC gene signature is associated with a poor prognosis in
patients with melanoma. In order to determine the core target
genes of 7-DHC in melanoma combined with prognosis, the
clinical data and transcriptome sequencing data of 471 patients
with melanoma from TCGA database (TCGA-SKCM) were
analyzed. Firstly, 19 genes were obtained by intersecting the
downregulated genes in A375 cells treated with 7-DHC and
the upregulated genes in patients with melanoma (Fig. 4A).
Subsequently, a 7-DHC gene signature associated with prog-
nosis, including STRA6, UBD, SESN2, CHACI1, TRAFI,
KIAA0040 and MMP9, was identified based on the prognosis
coefficient of the 19 aforementioned genes via univariate Cox
proportional hazards regression analysis, which revealed that
the 7 genes of the 7-DHC signature may be used as prelimi-
nary prognostic factors in patients with melanoma (Fig. 4B).
According to the median value of the risk score calculated
using the survival R package, patients with melanoma were
divided into high- and low-risk groups. The distribution of
the risk scores, along with the corresponding OS data and the
expression levels of five genes in the 7-DHC gene signature
were plotted and shown in Fig. 4D. Patients with higher risk
scores tended to experience a shorter OS time and a higher
death rate compared with those with lower risk scores. The
5-gene signature, including UBD, CHAC1, KIAA0040, SESN2
and MMP?9, was constructed to provide the guideline for prog-
nosis, which demonstrated that the higher the expression levels
of CHACI1, KIAA0040, SESN2 and MMP9, the higher the risk
score, while the lower the expression levels of UBD, the lower
the risk score in patients with melanoma (Fig. 4D). In addition,
ROC analysis was used to estimate the significance of the five
genes in the gene signature, and the area under the curve value
of the ROC analysis for the prognostic signature was 0.643
(Fig. 4C). To assess the overall prognosis of the five genes in
the prognosis model, Kaplan-Meier analysis revealed that a
higher risk score was associated with a higher mortality risk
(Fig. 4E).

Discussion

Mammalian cholesterol synthesis is one of the most compli-
cated biological processes that includes 21 enzymatic steps
that generate numerous cholesterol metabolites (29). The
dysregulation of cholesterol synthesis is implicated in the
progression of hypocholesterolemia, hypercholesteremia and
diabetes (30-32). Furthermore, metabolites in cholesterol
metabolism, both in synthesis and in metabolism and transport,
have been demonstrated to promote or delay tumorigenesis
and metastasis (33,34). For example, it has been demonstrated
that glucocorticoids and Dendrogenin A function as tumor
suppressors to slow tumor growth and increase cell apoptosis

in breast cancer (33). Additionally, a previous study revealed
that 7-DHC had a cytotoxic effect on melanoma cell lines (20),
but the mechanism of 7-DHC in melanoma cells is poorly
understood.

The present data confirmed the antitumor property of
7-DHC in inducing apoptosis and inhibiting proliferation
and metastasis in A375 and A2058 melanoma cells. To
uncover the molecular mechanism underlying the anticancer
property of 7-DHC, according to RNA-seq data, GSEA
demonstrated that the downregulated genes were associ-
ated with the PI3K-AKT and NF-«B signaling pathways.
Consistently, the top 20 most frequent somatic mutations of
kinase-coding genes were analyzed, revealing that AKT]I,
AKT2 and AKT3 in the PI3K/AKT signaling pathway,
and BRAF in the MAPK signaling pathway were the most
frequent hotspots of mutations in patients with melanoma.
Subsequent validation demonstrated that 7-DHC restrained
melanoma via decreasing the phosphorylation levels of
Aktl-Ser473 and further blocked the translocation into the
nucleus of free RELA. Furthermore, 7-DHC decreased the
expression levels of RELA as assessed via the luciferase
assay. Therefore, it can be concluded that 7-DHC may
repress melanoma via the Aktl/NF-«xB signaling pathway.
Subsequently, a 7-DHC gene signature was established via
univariate and multivariate Cox proportional hazards regres-
sion analysis, including five prognosis-dependent genes
identified by combining RNA-seq data from melanoma cell
lines with expression data from patients in the TCGA-SKCM
dataset.

In conclusion, compared with a previous study demon-
strating the inhibitory effect of 7-DHC in melanoma
cells (20), the molecular mechanism of the antitumor effect
of 7-DHC was further investigated in the present study. The
present findings provide a molecular basis for 7-DHC as a
potential novel anti-neoplastic drug. The anticancer proper-
ties of 7-DHC were analyzed in A375 and A2058 melanoma
cells, demonstrating that 7-DHC promoted the regression of
melanoma by decreasing the phosphorylation levels of Aktl
rather than those of MEKI1, and by inhibiting the nuclear
translocation of RELA. Furthermore, the 7-DHC gene signa-
ture of genes that were downstream of 7-DHC was identified,
which was negatively associated with the survival of patients
with melanoma. The present findings shed light on the
molecular mechanism of 7-DHC in melanoma and provide
a theoretical basis for its clinical application. Although the
mechanism of 7-DHC inhibiting melanoma was elucidated
in the present study, future studies should perform further
in vivo and clinical experiments of the effect of 7-DHC in
treating melanoma.
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