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Abstract

Melanoma, known for its aggressive progression and
metastatic potential, remains a significant therapeutic chal-
lenge. This study aimed to investigate the anti-cancer ef-
fects of human IFN-¢, a neotype | interferon with potential
tumor-inhibiting and immune-modulating properties, on
melanoma cells. Utilizing cell viability assays on the mela-
noma cancer cell line, we found that interferon-epsilon no-
tably inhibits melanoma cell proliferation. Morphological
examinations further revealed distinct changes in cell struc-
tures post IFN-¢ treatment. Whole-transcriptome profiling
unveiled a significant induction of genes within both type |
and Il interferon signaling pathways in treated samples, sug-
gesting that IFN- may bolster immunity-related pathways
to combat melanoma cell growth. Collectively, our findings
spotlight IFN-g’s promising anti-cancer potential, offering
novel insights into its therapeutic application in melanoma
management and positioning it as a potential candidate for
combinatorial cancer treatments.
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Introduction

Melanoma, one of the most prevalent skin cancers,
is driven by mutations in melanin genes and can manifest in
various parts of the human body, including the skin, eyes, ears,
and head and neck. Alarmingly, statistics reveal that every two
minutes, an individual is diagnosed with melanoma, and every
ten minutes, someone succumbs to the disease [1]. The global
incidence of melanoma surpasses 1 per 100,000 annually, with
a particularly sharp uptick in lighter-skinned populations [2,3].
Characterized by its aggressive nature, rapid progression, and
life-threatening metastasis, melanoma presents a significant
challenge [4]. Although early detection can render melanoma
highly treatable, metastatic melanoma often resists conven-
tional anti-cancer treatments, with a dismal five-year survival
rate under 20% [5]. Interferons (/IFNs) have emerged as power-
ful genetic drugs with a plethora of biological activities encom-
passing antiviral, antitumor, immunomodulatory effects, and
suppression of cell proliferation [6,7,8]. Since their introduction
to the market in 1989, interferons have gained widespread
traction in the treatment of various diseases, owing to their
multifaceted biological functions [9]. Notably, /FNs can activate
numerous bio-signaling pathways in tumor cells, influencing
cell proliferation, differentiation, invasion,and innate immunity
[10,11,12]. They also modulate mechanisms of apoptosis and
can indirectly regulate tumor cell growth by affecting various
biological processes linked to tumor progression [13].

Human Interferon-Epsilon (/FN-€) is intriguingly positioned
within the IFN family. Structurally akin to type | interferons
in terms of chromosomal localization, receptor binding type,
and signaling pathway, it is tentatively classified as a neotype lin-
terferon [14]. IFN-€ is ubiquitously expressed in diverse human
tissues, including the brain, lung, small intestine, reproductive
tissue, and notably, in coronaryartery smooth muscle cells, mi-
crovascular endothelial cells, epithelial cells, and mucosal tis-
sues [6,13]. However, being a relatively recent discovery in the
interferon family, the antitumor capabilities, immunomodula-
tory functions, and receptor signaling pathways of IFN-€ remain
underexplored.

Given the potential of /IFNs in modulating immune responses
and their demonstrated effects on melanoma, understanding
the impact of IFN-g on melanoma could be pivotal. In this study,
using the well-characterized melanoma cancer cell line SK-MEL
103, we set out to explore the influence of IFN-e on melanoma.
Preliminary investigations employing cell viability assays indi-
cated anti-cancer properties of IFN-€ in melanoma cells. These
intriguing findings prompted us to delve deeper into the mech-
anistic underpinnings of this effect. Through high-throughput
RNA sequencing, we aimed to unravel the potential molecular
pathways through which IFN-€ exerts its effects on melanoma,
offering a promising avenue for therapeutic interventions in the
future.

Materials and methods
Cell culture

Melanoma cells (SK-MEL 103) were grown in Dulbecco Modi-
fied Eagle Medium (DMEM) complete medium (HyClone™) was
supplemented with 5% fetal bovine serum (FBS, Gibco™), 1 X
penicillin-streptomycin (HyClone™). Cells were cultured in a
37°C incubator containing a 5% CO, atmosphere. Cells were
harvested when cells reached 80-90% confluence.

Cell viability assay

The recombinant human Interferon-Epsilon (/FN-g) (Cata-
logue N0.9667-ME/CF, R&D) used in this study was reconstitut-
ed at 250 pg/mL in sterile water (W4502-1L, Sigma) following
the manufacturer’s instruction. To perform cell viability assays,
the WST-1 cell proliferation and cytotoxicity assay kits (Beyo-
time, Shanghai) were used according to the approach previ-
ously described [15]. In Brief, cells were seeded into a 96-well
microplate with a density of 2 x10° cells per well until well at-
tached. Cells were treated with 800 ng/ml of IFN-e for 24 h,
48 h, 72 h, and 96 h, respectively. The concentration of IFN-¢
was referred to the manufacturer’s instruction and previously
reported [16]. After that, 10 pl of WST-1 mixture solution was
added to each well and incubated for 4 h at 37°C incubator, and
the values of the optical density were measured by a microplate
reader (Biotek, US) set at a wavelength of 450 nm. Cell viability
was presented as a percentage of the control. All experiments
were performed in quintuplicate.

Examination of cell morphology

Cell morphology was evaluated as previously described
[17,18]. 1x10* cells were seeded in 35 mm cell culture dishes
(Thermofisher) and incubated for 24 hours. Cells were washed
twice with PBS (Hyclone™) after discarding the medium. Cells
were infiltrated with 1 ml of fresh complete medium and treat-
ed with (for treatments) or without (for controls) 800 ng/ml of
IFN-¢ for 48 hours. The morphological changes of the cancer
cells were inspected by using a phase contrast inverted micro-
scope (Nikon, Japan) with 200X maghnifications.

RNA isolation and integrity analysis

Melanoma cells were selected to harvest total RNAs for
RNA sequencing. Cells (6 x 10 cells) were cultured in a 60 mm
culture dish until well attached. The medium was discarded,
and cells were washed twice with PBS (Hyclone™), and 3 ml
of fresh complete medium was accurately added to each dish.
Then, cells were treated with 800 ng/ml of IFN-¢ for 48 hours,
the same volume of sterile water was used as the control. Af-
ter that, total RNA of each sample was isolated from cells using
TRIzol reagent (Invitrogen, CA). The concentration and purity of
the total RNA of each sample were assessed by the spectropho-
tometer (Nano Drop 2000, Thermo Fisher Scientific Inc.), and
total RNA integrity was evaluated using the Agilent 2200 Tape
Station system (Agilent Technologies, USA).

Library construction and whole-transcriptome sequenc-
ing sequencing technology

RNA library preparation and sequencing were performed
using lllumina sequencing technology. The NEB Next Poly (A)
mRNA Magnetic Isolation Module was used for isolation of poly
(A) mRNA to generate mRNA fragmentation. The Proto Script Il
reverse transcriptase, first-strand synthesis reaction buffer and
random primers were used to synthesize the first-strand cDNA,
and the second-strand synthesis enzyme mix was used to syn-
thesize the second-strand cDNA. After purification of the dou-
blestrand cDNA using beads, the end prep enzyme mix was used
to repair both ends andadd a poly (A) tail in one reaction, then
adaptors were added to both ends. After that, each sample was
carried out 13 cycles of PCR using the P5 and P7 primers, then
the PCR products were cleaned up using beads, validated using
an Qsepl100 (Bioptic, Taiwan, China), and quantified by Qubit
3.0 Fluorometer (Invitrogen, Carlsbad, CA, USA). Finally, the li-
braries were loaded on an lllumina Novaseq 6000 instrument
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and sequenced using a 2 x 150 bp Paired-End (PE) configuration
according to the manufacturer’s instructions. Image analysis
and base-calling were performed by the lllumina RTA software.

Read preprocessing and mapping

All raw sequences generated by RNA sequencing were ob-
tained in the format of fastq files. Sequences such as adapt-
ers and low-quality bases (< Q20) were removed by Cutadapt
(V1.9.1) software in order to generate high-quality clean reads
[43]. The clean reads were mapped to the human reference ge-
nome (GRCh37 download from ENSEMBL) using Hisat2 (v 2.0.1)
[19].

Gene expression quantification, normalization and differ-
ential expression analyses

For each sample, gene expression levels were estimated
using feature count values generated by Subread (v1.6.4) soft-
ware [20]. The raw counts of all samples obtained by Sub read
(v1.6.4) were normalized using DESeq2 (v3.10) [21], in order
to make these samples comparable. To examine whether the
normalization method works, we constructed and compared
the box plots before and after the normalization using R scripts
[22]. To identify differentially expressed genes, comparisons
were performed between controls (MC) and treated samples
(MT) using the well-established DESeq2 Bioconductor package
(v.3.10) [21]. Genes were defined as significantly differentially
expressed between the two sample groups if the fold change >2
or 1.5 and False Discovery Rate (FDR) < 0.05. Differential expres-
sion genes with positive logarithmic Fold Change (FC> 2 or 1.5)
levels in MT (melanoma treatment group) compared with MC
(melanoma control group) were defined as “up-regulated”, oth-
erwise, the negative logarithmic fold change (FC < -2 or -1.5)
levels were expressed as “down-regulated”.

GO annotation and enrichment analysis

Gene Ontology (GO) analysis was performed on significant
differentially expressed genes in melanoma cells based on the
PANTHER classification system on the Gene Ontology website
(http://geneontology.org) [23,24]. All significant differentially
expressed genes were mapped to each GO term of the PAN-
THER classification system to calculate the number of genes
enriched corresponding to each GO term and pathway term.
Fisher’s exact test and calculate FDR were conducted in analysis
and only results selected for FDR P< 0.05. The final annotation
result categorized with respect to Biological Process, Molecular
Function, as well as Reactome pathway.

Statistical analysis

Statistical results of cell viability assay were expressed as
mean + SEM based on five independent biological replicates.
The differences between the treatment groups and control
were operated by unpaired t-test and were considered statisti-
cally significant at P < 0.05. Statistical analysis of cell viability
was performed using Graph Pad Prism 7 [25].

Results
IFN-£ can inhibit the proliferation of melanoma cells

The WST-1 cell proliferation and cytotoxicity assay was se-
lected to evaluate the cell viabilities of IFN-e on melanoma
cells based on the method previously reported [15]. Cells were
treated with 800 ng/ml of IFN-g for 24 h, 48 h, 72 h, and 96
h separately. Our data suggested that /FN-e showed significant

inhibition effects on the viability of melanoma cells compared
with the control group at 48 h with the reduction of approxi-
mately 10% of cell viability (P< 0.0001) at 48 h after the treat-
ment (Figure 1a). Results suggested that /FN-€ can in hibit the
proliferation of melanoma cells, with the best effects at 48 h
after the treatments.

Effects of IFN-€ on the morphological changes of mela-
noma cells

To investigate the reason that could affect cell proliferation,
we performed the morphological changes examination of can-
cer cells according to the method previously reported by [18].
After treatment with IFN-¢ for 48 h, we examined the morphol-
ogy of melanoma cells. Interestingly, we observed distinct mor-
phological changes in the melanoma cells compared with the
control group (Figure 1b-c). The visualized results of the con-
trol (untreated) cells showed that cells grew and attached well.
Meantime, cells remained in their original form, and only a few
cells showed nuclear contraction. In contrast, cells treated with
IFN-£ (800 ng/ml) showed a significant reduction in the number
of cells in the same field of view, and the cell morphology ex-
posure to typical aberrant features such as nuclear fragmenta-
tion, apoptotic bodies, bubbling and echinoid spikes, especially
the apoptotic bodies were in a high frequency. Our results sug-
gested that IFN-€ can affect the morphology of some melanoma
cells, probably causing the death of these cancer cells.

SK-MEL 103
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Figure 1: Cell viability assay and examination of cell
morphology.

(a) IFN-¢ inhibits cancer cell proliferation in a time-depen-
dent manner; the viabilities of melanoma cells at different
treatment times were measured by WST-1 assay, and the con-
centration of IFN- was 800 ng/ml (n=5 plates, 3 well replicates
per plate). *P<0.05, **P<0.01, ***P<0.0005, ****P<0.0001.
(b-c) Selected representative photomicrographs showed mor-
phological changes in melanoma cells. Cells were imaged by an
inverted phase contrast microscope set at magnification 200X
after being treated with 800 ng/ml of IFN-& for 48 hours. Marks
indicate (1) normal cell, (2) condensed nuclei, (3) cell shrinkage,
(4) membrane blebbing, (5) apoptotic bodies, (6)nuclear frag-
mentation, (7) bubbling, (8) echinoid spikes.

RNA isolation and quality assessment

To further explore the underlying mechanism of IFN-g on hu-
man melanoma cancer, we performed whole-transcriptome se-
qguencing by comparing the control (untreated) with the IFN-&
treated samples (treatment). Three biological replicates were
used for each group. The quality/integrity of the extracted
total RNAs of samples were evaluated using the Agilent 2200
Tape Station system. The integrity of all RNA samples was high
(RIN=10), indicating the high quality of our RNAs for high-
throughput sequencing (Figure 2 and Table S1).
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Figure 2: Gel image of RNA integrity assessment by Agilent
2200 Tape Station system.

MC: Melanoma Cell Control Group, MT: Melanoma Cell
Treatment Group, the 28S and 18S bands were bright, and the
brightness of 285 was more than twice that of the 18S, which
means that the RNA quality was perfect. Meanwhile, the con-
centration and purity of the total RNA of each sample were as-
sessed by the spectrophotometer and Agilent 2200 Tape Sta-
tion system. The ratio of absorption at 260 nm / 280 nm was
above 1.9. The RNA Integrity Number (RIN) of all samples was
10, and the RNA quality level was A (Table S1).

Whole-transcriptome sequencing and analysis

All RNA was used for library construction and RNA sequenc-

ing, and raw sequence data generated by the Illumina instru-
ment (Novaseq 6000) was performed for quality control. All
raw data that passed the quality assessment were used for
transcriptome analysis. Actually, a total of 227.2 million paired-
end raw reads of 150 bp read length were generated from six
samples (Table S2). After the removal of low-quality reads, a to-
tal of 276.3 million paired-end clean reads of 150 bpread length
were shown in Table 1. The overall Q30 percentage was above
90%, and N content was lower than 3.09, which indicates that
data preprocessing was successful for alignment.

Before Normalization in RNA-seq

A B
0= ‘ ‘ | Group 1 Group
E I I I BE comral = BS Controt
B Expedment BB Egenment
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2 MC3 MT1 )
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Figure 3: Box plots for normalization. Distribution of read
counts in RNA-seq, the ordinate indicates log2 (normalized or un-
normalized counts), the x-axis indicates the sample name of each
group, control group: (MC1, MC2, MC3) and treatment group:
(MT1, MT2, MT3). (A) Distribution of the unnormalized read
counts. (B) Distribution of the unnormalized read counts.

Table 1: The clean data of each sample was counted after filtering low-quality data.

Samples Avg Read Length (bp) Number of Reads Bases Q20(%) Q30(%) GQ%) N (ppm)
MC1 148.63 44650030 6636497923 97.36 92.76 48.95 2.87
MC2 148.53 53267710 7912078090 96.48 90.91 48.07 2.73
MC3 148.58 39896884 5927686979 97.04 92.10 48.14 2.93
MT1 148.89 44223910 6584323645 96.75 91.50 48.45 2.85
MT2 148.67 44486072 6613588502 96.79 91.63 48.92 2.93
MT3 148.66 49861882 7412658589 97.01 92.08 49.00 2.95

After mapping to the hg37 reference genome using Hisat2, we
performed an alignment quality assessment. More than 89% of
total reads of paired-end were mapped to reference genes in all
6 samples, and unique-mapping reads account for 84% above
(Table S3). These results illustrate a good quality of clean reads
and of the reads alignment.

Transcript abundance assessment and differential expres-
sion analysis of melanoma cells

Before comparing the expression profiles of the two groups
of samples, we normalized all samples (Figure 3). The normal-
ized data indicates that the normalization of six samples worked
well and the data was suitable for comparison and differential
expression analysis. After comparison of the expression profiles
between the control (MC) and treatment (MT) groups, we suc-
cessfully identified 34 differentially expressed genes consisting

of 31 up-reguleated genes and 3 down-reguleated genes when
the cut off of fold changes of 2 and FDR/Padj <0.05 were used
(Table 2 and Figure 4A). As shown in Table 2( as well as Fig-
ure 4B), while the more relaxed cut off (fold change > 1.5) was
used, we can identified 68 significant differentially expressed
genes including 54 up-regulated genes and 14 down-reguleat-
ed genes. By manually examining the two sets of genes from
the two used cut offs, we found they are generally very similar.
Therefore, we decided to use the genes set from the more strin-
gent cut off (fold change > 2) for downstream analyses.

Table 2: Number of differential expression genes in melanoma
cells.

Control-VS-treatment Up Down Fold change (Cutoff)
MC-VS-MT 31 3 2
MC-VS-MT 54 14 15
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Figure 4: Volcano plots of differentially expression genes.

The red dot represents the up-regulated genes, and the blue
dots represent the down-regulated genes. The abscissa indi-
cates the log 2 (fold change) value, and the ordinate represents
the mean expression value of log10 (Padj).

Interestingly, among the 31 up-regulated genes in the IFN-¢
treated melanoma cells, we found many interferon-induced
protein family members including OAS2, IFI44L, IFl6, IFIT1,
IF127, IRF9, IFIT3, IFI44 and the innate immunity-related protein
members such as ISG15, PARP9 and IRF7, were also significant-

ly induced (Table 3). Among the interferon-induced proteins,
the OAS2 and IFI44L showed significant induction with ap-
proximate 16-fold changes. The OAS2 protein is the dsRNA-ac-
tivated antiviral enzyme that can mediate the antiviral effects
via the activation of RNASEL to cause the degradation of cel-
lular viral RNA to inhibit protein synthesis and terminate viral
replication [26]. Besides, it has been reported to play a critical
role in cellular processes such as proliferation, differentiation,
apoptosis and gene regulation [27].The potent induction of
OAS2 might reveal a potential function of IFN-€ in suppressing
cancer cell proliferation.

We cannot rule out the possibility that some real differentially
expressed genes may have been regulated with very low fold
change (e.g. < 2). Therefore, we wondered whether the out-
come/GO enrichment would be the same if we used the list of
the genes generated from the fold change 21.5 (gene list 1.5,
Table S4). As anticipated, although we managed to slightly in-
crease the number of genes, but the enriched GO terms are
generally similar or consistent to the results for the genes list
from the fold change > 2. For example, most of these genes
were enriched in the innate immunity-related processes (Figure
S1). Therefore, we decided to stick to the list of the genes gen-
erated from the stringent cutoff of the fold change of > 2.

Table 3: Summary of differential expression genes with the cutoff of fold change > 2.

Gene ID Fold Change Gene symbol MCvs. MT Gene description
ENSG00000111335 16.73 OAS2 up 2'-5'-oligoadenylate synthase 2 OAS2
ENSG00000137959 15.62 IFI44L up Interferon-induced protein 44-like IFI44L
ENSG00000126709 13.61 IFI6 up Interferon alpha-inducible protein 6 IFI6
ENSG00000185745 11.69 IFIT1 up Interferon-induced protein with tetratricopeptide repeats 1 IFIT1
ENSG00000204375 10.24 XAGE1E up X antigen family, member 1E
ENSG00000165949 8.98 IFI27 up Interferon alpha-inducible protein 27, mitochondrial IFI27
ENSG00000089127 7.67 OAS1 up 2'-5'-oligoadenylate synthase 1 OAS1
ENSG00000133106 5.77 EPSTI1 up Epithelial-stromal interaction protein 1 EPSTI1
ENSG00000187608 3.31 ISG15 up Ubiquitin-like protein ISG15 ISG15
ENSG00000130589 3.15 HELZ2 up Helicase with zinc finger domain 2HELZ2
ENSG00000111331 3.06 OAS3 up 2'-5'-oligoadenylate synthase 3 OAS3
ENSG00000138496 3.03 PARP9 up Poly [ADP-ribose] polymerase 9 PARP9
ENSG00000184979 3.02 USsP18 up Ubl carboxyl-terminal hydrolase 18 USP18
ENSG00000138642 291 HERC6 up Probable E3 ubiquitin-protein ligase HERC6 HERC6
ENSG00000137628 2.77 DDX60 up Probable ATP-dependent RNA helicase DDX60 DDX60
ENSG00000115267 2.63 IFIH1 up Interferon-induced helicase C domain-containing protein 1 IFIH1
ENSG00000177409 2.63 SAMDSIL up Sterile alpha motif domain-containing protein 9-like SAMDIL
ENSG00000134326 2.53 CMPK2 up UMP-CMP kinase 2, mitochondrial CMPK2
ENSG00000100918 2.50 REC8 up Meiotic recombination protein REC8 homolog REC8
ENSG00000108771 2.50 DHX58 up Probable ATP-dependent RNA helicase DHX58 DHX58
ENSG00000213928 241 IRF9 up Interferon regulatory factor 9 IRF9
ENSG00000119917 2.38 IFIT3 up Interferon-induced protein with tetratricopeptiderepeats 3 IFIT3
ENSG00000259529 2.38 RP11-468E2.4 up E3 ubiquitin-protein ligase RNF31
ENSG00000137965 2.36 IFI44 up Interferon-induced protein 44 IFl44
ENSG00000101347 2.19 SAMHD1 up Deoxynucleoside triphosphate triphosphohydrolase SAMHD1 SAMHD1
ENSG00000173193 2.14 PARP14 up Poly [ADP-ribose] polymerase 14 PARP14
ENSG00000059378 2.12 PARP12 up Poly [ADP-ribose] polymerase 12 PARP12
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ENSG00000185507 2.11 IRF7 up Interferon regulatory factor 7 IRF7

ENSG00000115415 2.11 STAT1 up Signal transducer and activator of transcription 1-alpha/beta STAT1
ENSG00000188313 2.04 PLSCR1 up Phospholipid scramblase 1 PLSCR1

ENSG00000251196 2.01 RP11-54F2.1 up Uncharacterized protein (Fragment) unassigned

ENSG00000218175 -2.01 AC016739.2 down Uncharacterized protein (Fragment) unassigned

ENSG00000234009 -2.20 RPL5P34 down ribosomal protein L5 pseudogene 34

ENSG00000237550 -11.98 UBE2Q2P6 down ubiquitin-conjugating enzyme E2Q family member 2 pseudogene 6

Functional enrichment analysis.

To better understand the functions of the differentially ex-
pressed genes, we performed the functional enrichment analy-
sis using the PANTHER classification system on the Gene
Ontology (GO) website [23,24]. Our results showed that the
GO molecular function and GO biological progress were sig-
nificantly enriched in melanoma samples treated by /FN-& com-
pared with the control sample (Figure 5). For biological pro-
cesses, the highest term was related tothe type | interferon
signaling pathway, with 41% of genes assigned. These terms,
including viral process, interferon-gamma-mediated signaling
pathway, and negative regulation of viral genome replication,
were also significantly enriched, accounting for 24%, 21%, and
17%, respectively. In addition, there was 10% of genes as-
signed to the innate immune response and others to the
type | or type Il signaling pathway (Figure 5). The first five
top terms were mostly associated with the innate antiviral
response, and other cellular processes such as proliferation, dif-
ferentiation, and gene regulation, which proved that they are
involved in a wide range of mechanisms that mediates the
host immune responses in tumor [7]. In particular, most of the
genes associated with the type | signaling pathway such as OAS2,
ISG15, STAT1, IFI6, IRF9, etc. were involved in the mechanism
that mediate immuneresponse in cancer [7,28,29]. These re-
sults suggest that IFN-e has an effect on melanoma cells by
inducing innate immunity, such as the type | and type Il inter-
feron signaling pathways. For molecular function, the DEGs were
mainly assigned to binding and enzyme activity (Figure 5). The
top represented binding terms were carbohydrate derivative
binding, nucleotide binding, purine ribonucleoside triphos-
phate binding, and double-stranded RNA binding, accounting
for 38%, 38%, 34%, and 21%, respectively. Top represented
activity terms including RNA helicase activity, NAD+ADP-ribosyl
transferase activity and 2’-5’-oligoadenylate synthetase activity
were mapped to 14%, 10% and 10%, individually.

To further identify the pathway in which the DEGs are in-
volved, DEGs were analyzed by the PANTHER classification sys-
tem (GENEONTOLY) and Reactome pathway annotation [24].
Our analysis showed that the differentially expressed genes
(41%) were mostly enriched in the interferon-alpha/beta signal-
ing, followed the type Il signaling, the DDX85/IFIH1-mediated
induction of interferon- alpha/beta, and ISG15 antiviral mecha-
nisms (Figure 6). Interestingly, it has been reported that the ac-
tivated interferon signaling can play an important anti-cancer
role by activating the JAK-STAT pathway, which activates the im-
mune response [30]. Therefore, the pathway analysis indicates
that IFN-e may kill cancer cells by activating the interferon sig-
naling pathway to regulate the immune response.

Enriched GO Terms
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Figure 5: Functional enrichment analysis.

Red bars are the enriched molecular function terms (p< 0.05),
whereas the blue bars are the enriched biological processes.
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Figure 6: The enrichment analysis of the reactome pathways.

Discussion & conclusion

Here we have first time studied the effect of the IFN-¢ on
the aggressive melanoma cells. Our cell viability assays clearly
showed that the /FN-¢ has effects on the melanoma cell line, as
well as alters its cell morphology, such as condensed nuclei, cell
shrinkage, and nuclear fragmentation, although the reduction
of the melanoma cells was about 10% after the IFN-€ treatment.
However, we believe that the change is authentic as supported
by the observations of the changes in cell morphology. Besides
that, our whole-transcriptome analysis has also revealed that
many innate immunity-related pathways are significantly up-
regulated after the treatment with IFN- €. These pathways are
relevant and known to be able to kill cancer cells in many previ-
ous studies [31,32,7,8].
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In the morphological examination, we observed some mor-
phological changes such as condensed nuclei, cell shrinkage,
membrane blebbing, apoptotic bodies, nuclear fragmentation,
bubbling and echinoid spikes in melanoma cells after the treat-
ment with IFN-g. Although these similar morphological fea-
tures have been defined as the main features of apoptosis in
previously reported [17,18,33], however we could not conclude
whether these morphological changes were caused by apopto-
sis until we perform apoptotic assays in the future. We cannot
rule out the possibility that these morphological changes could
be due to other mechanisms caused by IFN-€. For instance, in
1990, Glaus and colleagues defined this morphological change
induced by type | and type Il interferon on melanoma cells as
immunophenotypic changes, which were attributed to three
different mechanisms: (1) the induction of terminal differentia-
tion of transformed cells, (2) a direct anti-proliferative effect,
and (3) a modulation of cell surface antigens on the tumor
cell with activation of the host’s immune system [32]. Since
our RNA-Seq analysis showed that /FN-€ can activate the type
I and type Il interferon pathways, we believe that the changes
in the cell morphology of melanoma cells are likely immuno-
phenotypic changes. However, additional experiments need to
be performed in order to validate whether these morphological
changes are due to apoptosis or immunophenotypic in the fu-
ture by the evaluation method previously reported [32].

For differential expression gene analysis, with the up-regula-
tion of interferon-induced protein family member and immune-
related protein in melanoma cells treated by IFN-¢, this exposed
to that IFN-g was involved in related mechanisms that regulate
immune response in melanoma cells, and balancing between
immune escape and immune surveillance. Among these up-
regulated genes such as OAS1, STAT1, IFI6, IRF7, IRF9, IFI27
and ISG15, were associated to the type | interferon signaling
pathway in previous study [34,35,36], the finding was consis-
tent with our analysis of the biological process (Figure 5). Type
I interferon signaling leading to transcription of Interferon-Stim-
ulated Genes (ISGs) by activating the Janus Kinase (JAK) path-
way and phosphorylation of transcription (STAT) pathway [37].
Furthermore, our data also revealed that some up-regulated
genes, including OAS, STAT1, IRF7, and IRF9, were enriched in
the interferon-gamma-mediated signaling pathway and the in-
terferon-gamma signaling. The interferon-gamma signaling has
been reported to induce tumor ischemia and homeostasis pro-
gram, resulting in tumor clearance [31]. Therefore, these results
suggest that /IFN-¢ led to the upregulation of interferon-gamma
signaling and in turn clearance of tumor cells, which was con-
sistent to the immune checkpoint blockade reported in recent
years that can up-regulate interferon-gamma signaling to clear
cancer [39,39]. And this reveals that IFN-€ may be a ponderable
candidate for cancer immunotherapy.

Furthermore, interferons have a dual role as either cancer
promoters or suppressors in various tumor types and microen-
vironments, and they are involved in many biological processes
cascade such as cellular immune response against viral/bacte-
rial infections to proliferation and apoptosis [7]. Once the in-
terferon type | genes are knocked out and down-regulation of
their receptors of signaling molecules such as STAT1 and IFR9
involved in the interferon signaling pathway, cancer cells ignore
all regulatory functions and effects that target them [7]. These
findings indicate that all genes such as STAT1, IFR9, IFI27, IRF7
and ISG15 from the interferon type | signaling cascade play a
crucial role in suppressing and clearing of cancer cells. Interest-
ingly, in our study, these genes were significantly up-regulated

in melanoma cells after we treated the cells with interferon- g,
supporting our view that /FN-€ may activate the type | inter-
feron signaling pathway to suppress the cell proliferation and
survival of melanoma cells. In the meantime, we also found that
some genes such as DXH58 and IFIT were enriched in a nega-
tive regulation of type | interferon production, probably imply-
ing that IFN-& may be a potential mechanism that, in turn helps
cancer cells escape by negative regulation of type | production.
It has been proven that cancer cells often abrogate interferon
production to successfully metastasize shown by Greiner and
his colleagues in 1984 [40].This may partially explain why IFN-¢
only showed a 10% inhibition efficiency in our cell viability as-
say.

Our RNA-Seq data showed that many interferon-related
genes were induced in the IFN-€ treated melanoma cells. They
may indirectly regulate cancer cell proliferation, affecting vari-
ous biological processes including angiogenesis and immune re-
sponse, involved in tumor progression. As previously empha-
sized by Gresser and and colleagues, inter ferons can increase
survival in mice affected by lymphocytic leukemia regardless of
the sensitivity of tumor cells to the interferon drugs [41]. In fact,
interferon serves as an activator in several immune cells such as
macrophages, T cells, B cells and NK [7]. This fully exposes
the indirect relationship between IFN-g and tumor immunity.
Simultaneously, the activation of the JAK / STAT signaling cas-
cade is achieved by triggering phosphorylation of Tyr2 and Jak1
through the binding of type | interferons to its receptors
IFNAR1 and IFNAR2 [37]. In melanoma, STAT plays an impor-
tant role in mediating the transcription of tumor suppressor
promyelocytic leukemia proteins,which inhibits the prolifera-
tion of malignant melanoma-initiating cells [7]. Therefore, we
speculate that /FN-e may also activate the phosphorylation of
tyrosine and JAK by binding to the receptors on the cell surface,
thereby activating the JAK / STAT signaling pathway.

Our cell viability assays showed IFN-¢ has only a 10%
inhibition efficiency in melanoma cells. Perhaps, the low
inhibitory effect could be explained by several possibilities.
Firstly, the tumor cells have a complex microenvironment, with
various receptors attached to the cell surface, and each tumor
cell also has individual differences [42]. IFN-€ may achieve the
anti-cancer effect by binding to the receptors on the cancer cell
surface. However, it is possible that not all cancer cells have the
receptor bound by IFN-¢. Therefore, IFN-€ may only kill some of
these cancer cells. Secondly, our data suggest that /FN-g could
be good as a candidate for immunotherapy since our data
showed that it could activate innate immunity-related pathways
in the cancer cells. Many immunotherapies usually use a com-
bination of drugs in order to achieve good efficacy. Therefore,
we believe that the efficacy of IFN-e should be enhanced if we
combine it with other drugs in treating cancers.

In conclusion, we have successfully shown that /FN-¢ has
anti-cancer effect on human melanoma. We have also shown
that it may kill the cancer cells likely by activating the innate
immunity-related pathways, providing a possible novel candi-
date for immunotherapy in aggressive melanoma cancer. How-
ever, more laboratory work needs to be done in order to further
evaluate its efficacy in anti-cancer in the future.
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