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RAPID COMMUNICATION
C19MC miRNA-520G induces SP100
antiviral gene transcription and inhibits
melanin production in skin cutaneous
melanoma
SP100 is an antiviral protein that restricts the productive
stage of human papillomavirus (HPV) and multiple other
viruses, and viruses in turn block SUMO-1-mediated stabi-
lization of SP100 and promotes its degradation (Table S1).
Interferon (IFN) signaling could still produce more SP100
through transcription to counteract viruses.1 Viruses also
disable the transcriptional up-regulation of SP100 to ach-
ieve persistent infection in hosts. Chromosome-19 miRNA
cluster (C19MC) miRNAs confer variable levels of resistance
to different types of viral infections2 and here we use SP100
mRNA as our target for understanding the tumor context in
which it is expressed or suppressed, and its relationship
with C19MC-directed antiviral response miRNAs in human
skin cutaneous melanoma (SKCM-TCGA). We show that,
high SP100 mRNA expression reflects better survival in
melanoma patients and that, the genomic landscape of the
SP100 gene is subjected to copy number alteration in
SP100Low melanomas with recurrent breakpoints in chro-
mosome-2q between SP100 and SP110 gene loci and
centromere. Besides, the C19MC miRNA-520G promotes
SP100 mRNA expression and impedes melanin biosynthesis
with down-regulated SLC45A2 and increased HTR2B mRNAs
which are known indirect regulators of the tyrosine pool
and melanin biosynthesis (Table S1).

SP100 is known to be up-regulated with IFN targets,
particularly in melanoma3 and viruses are sporadically
detected in melanoma (Table S2). The patients with mel-
anomas were classified into SP100High and SP100Low groups
(n Z 67 each), without statistically significant difference in
patient ages at diagnosis between both groups and with
balanced patient gender and significant difference in
overall survival (Fig. 1A; Fig. S1A, B).
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We examined whether the expression of SP100 mRNA in
SP100High and SP100Low groups is different because of
altered methylation. A substantial number of the SP100Low

melanomas had hypomethylation (b value < 0.2) compa-
rable to the SP100High group (Fig. 1B; Fig. S1C, D), indicating
that more factors play a role in SP100 mRNA expression
than methylation.

We examined the context of melanomas with SP100high

and SP100low mRNA expression by two-way GSEA and found
that the SP100Low melanomas exhibited up-regulation of
gene signatures related to the ichthyosis phenotype (skin
epidermis development, keratinization, cornified envelope,
epidermal cell differentiation, and molting cycle) (Table
S1) and enrichment in neuronal fate commitment and REST
(Fig. 1C). Furthermore, the SP100Low melanomas exhibited
a defective adaptive immune profile (down-regulated:
adaptive immune response, allograft rejection, interferon-
g (IFN-g), interferon-a (IFN-a), antiviral module, B cells, T
cells, leukocyte adhesion, Th1 cytotoxic module, MHC-I,
MHC-II, b-defensin, tumor necrosis factor-a (TNF-a), de-
fense response to both Gram-positive and Gram-negative
bacteria, including Mycobacterium tuberculosis) with a
down-regulated type-I diabetes mellitus gene signature
(Fig. 1C, D). Interestingly, SP100Low melanomas exhibited
an influenza infection signature whereas SP100High mela-
nomas exhibited a hepatitis-B virus signature (Fig. 1C).
Notably, all these signatures are expressed with high
contrast between SP100Low and SP100High groups (Fig. S1E).

We next focused on the individual genes that are tightly
co-expressed with SP100. Volcano plotting, heatmap, and
EnrichR analyses indicated that a genome-wide distributed
core 25 interferon-STAT-regulated genes (SP100, SP110,
IFI44, IFI44L, STAT1, IFIH1, DTX3L, LAP3, DDX60, DDX60L,
DDX58, IFIT1, IFIT2, IFIT3, IFIT5, TRIM22, B2M, XAF1,
SAMD9L, CMPK2, RSAD2, PARP9, PARP14, HERC6, and
behalf of KeAi Communications Co., Ltd. This is an open access
censes/by-nc-nd/4.0/).
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Figure 1 C19MC miRNA-520G restores SP100 mRNA expression and inhibits melanin production in melanoma. (A) SP100-based
grouping of melanoma samples with balanced gender (left) but the KM curve showing significant difference between SP100High and
SP100Low groups in overall survival. (B) 450k methylation of SP100 gene at the transcription start site probe (the only variable probe
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APOL6) were significantly co-expressed with SP100 (Fig. 1E,
F; Fig. S2A). The bacterial cell wall component lipopoly-
saccharide, dsRNA and ssRNA viruses, the food components,
quercetin and vitamin-C, transcription factors STAT-1,
STAT-2, IRF-1, REST, knockdown of p63 (TP63), could
accompany the transcriptional up-regulation of the core 25
gene network in SP100High melanomas (Fig. S2A).

Copy number analysis of this 25-core gene network
revealed that 23 of these genes (except for APOL6 and
SAMD9L) had increased copy number alterations (CNA loss)
in the SP100Low group compared to the SP100High group
(Fig. S2B). SP100 and SP110 genes at the middle of chro-
mosome-2q were impacted by CNA point clusters between
the centromere and SP100/SP110 loci (Fig. 1G). Likewise,
DDX60 and DDX60L loci at the distal end of chromosome-4q
were preceded by a cluster of CNA points up to the
centromere in SP100Low group melanomas (Fig. S2C). In the
case of PARP9, PARP14, and DTX3L loci on chromosome-3q
or in the case of IFIT1, IFIT2, IFIT3, and IFIT5 loci on
chromosome-10q multiple CNA points are clustered at the q
arm close to the centromeres where the recurrent break-
points (RBP) are mapped between the coordinates
42,900,000e43,300,000 (Hg19) on chromosome-10q (Fig.
S2D, E). In the case of DDX58, the breakpoint is even pre-
cise where the DDX58 locus on chromosome-9p had
numerous CNA points downstream but at a specific nucle-
otide [RBP: 38,747,688e38,747,689 (Hg19) on chromo-
some9] (Fig. S2F). In the case of IFI44 and IFI44L loci on
chromosome-1p the recurrent CNA breakpoints mapped to
Notch2 intronic region close to the centromere [RBP:
120,520,569e120,528,175 (Hg19)] (Fig. S2G). Therefore,
the core 25 SP100 gene network expression is frequently
impaired by copy number loss due to breakpoints that map
close to centromeres.

Notably, 13 out of 25-core genes lack CpG islands within
the promoter/enhancer region which includes SP100 gene
(Fig. 1G). A close examination of the correlative expression
of gene products that bind to SP100 enhancer region across
SP100High and SP100Low melanomas revealed that SP100
mRNA was correlatively expressed with STAT1 along with
other SP100 family member mRNAs (Fig. S3A). We examined
among 8; Fig. S1C) showing hypomethylation in SP100Low melanoma
way GSEA analysis-based translation of SP100High and SP100Low mela
enriched with least FDRq values (C) and antimicrobial antigen pre
entially expressed genes between SP100High and SP100Low group me
value of 0.001 and orange data points are having significance with
Identification of 25 core cluster-wide differentially expressed genes
heatmap analysis (left panel) and their genomic distribution show
ferences of SP100 and SP110 genes in SP100Low group melanomas (
Copy number alterations are associated with clustered or focal upst
lines from green dots). Red dots mark the locus/loci of indicated ge
enhancer H3K27Ac mark at -3 and þ3 kb flanking regions of transcrip
on UCSC Hg19 annotation. (I) Heatmap showing the presence or abs
[ChIP-seq for IRF-1, STAT-1, and STAT-2 at -3 þ 3 kb flanking regions
genes based on UCSC Hg19 annotation. Scale: base pairs. Note th
analysis of selected Sp100-core co-expressed genes and their regula
miRNAs (miRNA expression verified by qRT-PCR). (K) Lower leve
(photograph). (L) RT-PCR analysis of melanin/DOPAmine pathway
SLC45A2 (tyrosine transporter) mRNA showing under-expression of i
confidence interval.
the promoter/enhancer binding ChIP-seq pattern of STAT-1,
IRF-1, and STAT-2 under IFN-a treated conditions. All three
transcription factors STAT-1, IRF-1, and STAT-2 bound to
most of the 25-core gene transcription start sites (TSS) but
excluded IFI44 and IFI44L gene TSSs (Fig. 1I).

Since C19MC miRNA-520G remodels IFN-g-dependent
transcription in the context of hepatocellular carcinoma4

and alters melanoma antigen expression,5 we examined the
GSEA results for miRNA target gene expression. Many miRNA
targets were up-regulated or down-regulated with a
normalized enrichment score of � 2 or � 2 with the least
FDRq values (Fig. S3B and Table S3). Intriguingly, a group of
C19MC antiviral miRNAs (miR-520h, miR-519a-2, miR-518e,
miR-1323, miR-520a, miR-522, miR-519c that share highly
overlapping mature miRNA sequence with well-character-
ized miR-520G and miR-519D) are enriched greater than 2-
fold in SP100High group compared to SP100Low group
(Fig. S3C).

Stable overexpression of C19MC miRNAs miR-519D, miR-
520G, and miR-526B in the IPC-298 melanoma cell line in
parallel to control pMIR vector revealed that the SP100
mRNA was tremendously up-regulated (independent of
other IFN targets examined) by miR-520G but not by miR-
519D or miR-526B (Fig. 1J). Interestingly, the cells stably
overexpressing miR-520G accumulated less melanin
pigment compared to control pMIR, miR-519D or miR-526B
overexpressing stable cells, indicating that the miR-520G or
its downstream targets are linked to inhibition of melanin
biosynthesis or accumulation (Fig. 1K). Therefore, we
examined the melanin pathway genes by RT-PCR and found
that the tyrosine transporter SLC45A2 mRNA was strongly
down-regulated by miR-520G overexpression which is
accompanied by increased expression of HTR2B mRNA, a
serotonin receptor gene (Fig. 1L).

We next examined the TCGA data for melanin pathway
alterations between SP100High and SP100Low groups and
found that the aminoacid-transport pathway (including
tyrosine transport: a precursor of melanin biosynthesis) and
various dopaminergic neuron signatures (DOPA/serotonin/
5-HT, an intermediate product of tyrosine to melanin
biosynthesis) are down-regulated in SP100High melanomas
s below 0.2 (b-value) equivalent to SP100High group. (C, D) Two-
noma coding transcriptomes showing top contrasting signatures
sentation machinery (D). (E) Volcano plot showing the differ-
lanomas. Red data points are having significance below the p-
a P-value between 0.05 and 0.001. [n Z 67 each (n67e)]. (F)
between SP100High and SP100Low group melanomas by RNA-seq
n by circos plot (right panel). (G) Copy number variation dif-
for comparison with the SP100High group, please see Fig. S2B).
ream or downstream potential breakpoints (indicated by green
nes within the panel. (H) Presence or absence of CpG island and
tion start site (TSS) of 25-Sp100 core co-expressed genes based
ence of transcription factor binding in IFN-a treated K-652 cells
of transcription start site (TSS)] of 25-Sp100 core co-expressed
at there was no binding at IFI44 and IFI44L genes. (J) RT-PCR
tors in IPC298 melanoma cells stably overexpressed with C19MC
l of melanin accumulation in miR-520G stable IPC-298 cells
genes in IPC298 stable melanoma cells. (M) Aligned dot plot of
t in SP100High compared to SP100Low group TCGA melanomas. CI,
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with robust NES and least FDRq values (Fig. S3D). Notably,
SLC45A2 is under-expressed in SP100High than in the
SP100Low group (Fig. 1M).

In summary, the induction of SP100 mRNA by C19MC
miRNA-520G is linked to the inhibition of melanin biosyn-
thesis, and repression of SP100 mRNA in patient melanomas
reflects impeded ichthyosis signatures and antimicrobial
immune response signatures.
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