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miR-98 suppresses melanoma metastasis through a
negative feedback loop with its target gene IL-6
Fei Li1, Xin-ji Li2, Li Qiao1, Fei Shi1, Wen Liu1, You Li1, Yu-ping Dang1, Wei-jie Gu1, Xiao-gang Wang3,4

and Wei Liu1

Dysregulated microRNA (miRNA) expression has a critical role in tumor development and metastasis. However, the mechanism

by which miRNAs control melanoma metastasis is unknown. Here, we report reduced miR-98 expression in melanoma tissues

with increasing tumor stage as well as metastasis; its expression is also negatively associated with melanoma patient survival.

Furthermore, we demonstrate that miR-98 inhibits melanoma cell migration in vitro as well as metastatic tumor size in vivo.
We also found that IL-6 is a target gene of miR-98, and IL-6 represses miR-98 levels via the Stat3-NF-κB-lin28B pathway.

In an in vivo melanoma model, we demonstrate that miR-98 reduces melanoma metastasis and increases survival in part by

reducing IL-6 levels; it also decreases Stat3 and p65 phosphorylation as well as lin28B mRNA levels. These results suggest

that miR-98 inhibits melanoma metastasis in part through a novel miR-98-IL-6-negative feedback loop.
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INTRODUCTION

The incidence of malignant melanoma of the skin (CMM) has
continued to increase in the past 30 years despite aggressive
education initiatives.1,2 Although most melanoma cases consist
of localized disease that is curable with surgical resection,3,4 for
those with regional or distant metastases, the prognosis is poor
with a 10-year survival rate of only 64% and 16%, respectively.5

The poor prognosis and treatment for these patients is due in
part to limited knowledge of melanoma progression and
invasion.

Several studies have reported on the roles of microRNAs
(miRNAs), which are small (~22 nucleotides), single-stranded,
noncoding RNAs that induce posttranscriptional silencing of
target genes through binding to 3′-untranslated regions (3′-
UTRs), in the progression of malignant melanoma.6–10 For
example, Lu et al.8 observed differential miRNA expression that
corresponded with tumor differentiation. In addition, Zhang
et al.9 reported altered DNA copy number of miRNA genes in
melanoma. Subsequent analysis by Mueller et al.10 revealed
dysregulated miRNA expression in melanoma cell lines.

Roles for some miRNAs have also been noted in
melanoma. Specifically, both miR-13711 and miR-18212 target

the oncogene microphthalmia-associated transcription factor
in mice. In addition, distant metastasis of melanoma cells
was enhanced with miR-18212 as well as with miR-214.13

Moreover, overexpression of miR-221/222 in melanoma
cells increased their proliferation, invasion and chemotaxis
in vivo, which was reversed in cells treated with antagonist
miR-221/222.10

Conversely, let-7b has been shown to be a negative regulator
of melanoma cell growth via its effects on the cell cycle;
it also inhibited anchorage-independent melanoma cell
growth.14 Reduced melanoma metastasis in response to
let-7b overexpression was also observed in an in vivo
model of melanoma.15 However, the mechanism by which
miRNAs influence cell migration in melanoma has yet to be
determined.

The present study sought to test the hypothesis that miR-98
levels are associated with melanoma patient prognosis and
influence melanoma cell migration and tumor growth by
targeting IL-6 expression. Here, we found that miR-98 can
inhibit melanoma cell migration in vitro and melanoma
metastasis in vivo, suggesting that miR-98 may be a potential
therapeutic target for melanoma metastasis.
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MATERIALS AND METHODS

Study participants
Normal and tumor tissues were obtained from 48 patients and normal
donors. Patient survival was followed for a median of 8 years.
Informed consent was obtained from all patients. A melanoma tissue
microarray with 208 tissue samples was purchased from US Biomax
(Rockville, MD, USA). This study was approved by the institutional
review board of The Air Force General Hospital of PLA (Beijing,
China).

Melanoma staging
To analyze the relationship between miR-98 expression and melanoma
progression, melanoma tissues of different stages were analyzed. Tissue
stage was determined as described in Schuchter.16 After primary
tumor (T) staging thickness was measured, the tumors were classified
into the following stages based on thickness: T1 (o1mm), T2 (1.01–
2mm), T3 (2.01–3mm) and T4 (44mm).

Quantitative reverse transcription-polymerase chain reaction
analysis
Total miRNA and mRNA were isolated from 20 normal (nevi)
or 20 melanoma tissues or B16 cells using an miRNeasy FFPE Kit
(Qiagen, Valencia, CA, USA) according to the manufacturer’s
instructions. To analyze the relationship between miR-98 expression
and melanoma progression, melanoma tissues of different stages,
including 13 T1, 11 T2, 9 T3 and 15 T4 tissues, were also analyzed.
Furthermore, miR-98 levels were determined in 15 primary tumors
and 15 metastatic tissues. Quantitative reverse transcription-
polymerase chain reaction analyses for the miRNA and mRNA
were performed using the One Step SYBRPrimeScript RT–PCR Kit
II according to the manufacturer’s instructions (Takara, Ohtsu, Japan).
The following primers were used: let-7a sense, 5′-GCCGCTGAGGT
AGTAGGTTGTGT-3′, let-7b sense, 5′-GCCGCTGAGGTAGTAGG
TTGTA-3′, let-7c sense, 5′-GCCGCAGAGGTAGTAGGTTGC-3′,
let-7d sense, 5′-TGCCGGTGAGGTAGGAGG-3′, let-7e sense, 5′-GCC
CGTATCACAGCCAGCTT-3′, let-7f sense, 5′-CGGCTGAGGTAGTA
GATTGT-3′ and let-7 antisense, 5′-GTGCAGGGTCCGAGGT-3′ (all
120 bp); miR98 sense, 5′-CGGCTGAGGTAGTAGATTGT-3′ and
miR-98 antisense, 5′-GTCGTATCCAGTGCAGGGTCCGAGGTATTC
GCACTGGATACGACAACAAT-3′; mmu-VEGFc sense, 5′-GAGGTC
AAGGCTTTTGAAGGC-3′ and antisense, 5′-CTGTCCTGGTATTGA
GGGTGG-3′ (160 bp); mmu-VEGFb sense, 5′-GCCAGACAGGGTTG
CCATAC-3′ and mmu-VEGFb antisense, 5′-GAGTGGGATGGATG
ATGTCAG-3′ (108 bp); mmu-VEGFa sense, 5′-CTGCCGTCCGATT
GAGACC-3′and mmu-VEGFa antisense, 5′-CCCCTCCTTGTACCAC
TGTC-3′ (130 bp); mmu-E-cadherin sense, 5′-TCCAGGAACCTCCG
TGATG-3′ and mmu-E-cadherin antisense, 5′-GGGTAACTCTCTC
GGTCCAG-3′ (122 bp); mmu-N-cadherin sense, 5′-AGCCTGGGAC
GTATGTGATG-3′ and mmu-N-cadherin antisense, 5′-ATGTTGGGT
GAAGGTGTGCT-3′ (104 bp); mmu-Vimentin sense, 5′-CAAGTCCA
AGTTTGCTGACCT-3′ and mmu-Vimentin antisense, 5′-TCTTCC
ATCTCACGCATCTG-3′ (110 bp); mmu-Twist sense, 5′-CTCGGA
CAAGCTGAGCAAG-3′ and mmu-Twist antisense, 5′-ACGGAGAAG
GCGTAGCTGAG-3′ (126 bp); mmu-Snail sense, 5′-ACCCACACTGG
TGAGAAGC-3′ and mmu-Snail antisense, 5′-GACCAAGGCTGGAA
GGAGTC-3′ (92 bp); and lin28B sense, 5′-TCAGGATGGGAAGAG
ATGCG-3′ and lin28B antisense, 5′-TTCTCGCAGTTAACGCTGCT
-3′. Analysis of all let-7 subgroups were performed using the same let 7
reverse primer, which produced a product of 120 bp. The primers for
mouse Stat3 (signal transducer and activator of transcription 3) were

obtained from the qPCR Primer Assay Kit (SABiosciences/Qiagen,
Valencia, CA, USA).

Cell culture treatment and transfection
B16-F1 mouse melanoma cells were purchased from ATCC (American
Type Culture Collection, Manassas, VA, USA) and cultured in
Dulbecco’s modified Eagle’s medium containing 10% fetal bovine
serum. For experiments using the nuclear factor-κB (NF-κB) inhibi-
tors BAY-117082 and JSH-23, cells were treated with IL-6
(20 ngml−1) plus each inhibitor for 24 h. Before transfection, cells
were seeded in 6-well culture dishes. After 24 h, the cells were
transfected with 100 nM miRNA-negative control (NC) or miR-98
(Ambion, Grand Island, NY, USA) using Lipofectamine RNAiMAX
Transfection Reagent (Invitrogen, Carlsbad, CA, USA) for 36 h, after
which the transfection medium was replaced with normal growth
medium. For transfection of siRNA-NC and siRNA-Stat3, Lipofecta-
mine RNAiMAX Reagent (Invitrogen) was used according to the
manufacturer’s instructions. After 36 h, the transfection medium was
replaced with normal growth medium.

Cell migration
The CytoSelect 24-Well Cell Migration Assay Kit (Cell Biolabs, San
Diego, CA, USA) was used to analyze B16-F1 cell migration after
transfection of miRNA negative control (miRNA-NC) or miR-98 for
24 h or stimulation by IL-6 for 36 h following the manufacturer’s
instructions. Cell migration was quantified and normalized to the
mock transfection controls. The effects of miR-98 on cell migration
after 0 and 12 h were also assessed using a CytoSelect 24-Well Wound
Healing Assay Detection Kit (Cell Biolabs) according to the manu-
facturer’s instructions.

Animals
All 80 male mice were handled in strict accordance with the Animal
Welfare Assurance (permit no. kzdwsy2013117), and the experiments
conformed to protocols approved by the Institutional Animal Care
and Use Committee (IACUC) of the Air Force General Hospital of
PLA. C57/B6J mice were obtained from the Vital River Laboratories
Experimental Animal Technical (Beijing, China). There were a
minimum of five mice per time point. Animals were kept in a 12-h
light/dark cycle with food and water ad libitum. To establish a
melanoma metastasis model to evaluate the effects of miR-98 or
IL-6 on tumor metastasis, 5 × 106 B16-F1 cells transfected with
miRNA-NC or miR-98 (n= 8 per group) were injected into the tail
vein of the C57/B6J mice. Lung metastases were determined after
3 weeks. Tumor volume was also assessed at 12, 15, 18 and 21 days.
For experiments using miR-98 mimics, animals were injected with
800 nM miR-98 mimics every 5 days. Metastatic tumor size and serum
IL-6 levels were assessed on days 15, 20, 25, 30 and 35. Survival was
also recorded. In addition, Stat3 and p65 phosphorylation and lin28B
mRNA levels were measured on day 35.

IL-6 3′-UTR reporter assay
B16-F1 cells were transfected with miRNA-NC, miR-98, anti-miRNA-
NC or anti-miR-98 (Ambion), an miR-98 inhibitor, along with either
an IL-6 luciferase reporter vector (Panomics, Santa Clara, CA, USA) or
an miR-98-binding site mutant IL-6 reporter vector. Briefly, the 3′-
UTRs of murine IL-6 was amplified by PCR from an MEF cell cDNA
library and cloned downstream of the Renilla luciferase coding
sequence into the pGL3 luciferase reporter vector (Promega, Madison,
WI, USA). The IL-6 3-′UTR-Mut construct was generated by site-
directed mutagenesis using the QuickChange Mutagenesis Kit from
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Stratagene (La Jolla, CA, USA). Seed regions were mutated from
UACCUCA to AUGGAGU. Reporter activity was determined after
24 h using the Dual-Luciferase Reporter Assay Kit (Promega) follow-
ing the manufacturer’s instructions.

Western blot analysis
Total protein extracts were obtained from B16-F1 cells. After
centrifugation at 14 000 g, proteins were resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (20 μg per lane) in a 10%
polyacrylamide gel, transferred to polyvinylidene difluoride mem-
branes and probed with primary antibodies specific for IL-6 (1:200;
R&D Systems, Minneapolis, MN, USA), lin28B (1:200; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), p-Stat3, Stat3, p-p65, p65 or
glyceraldehyde 3-phosphate dehydrogenase (1:2000; Cell Signaling,
Danvers, MA, USA). After incubation with the appropriate horse-
radish peroxidase-conjugated antibody, the proteins were visualized
using the enhanced chemiluminescence western blot analysis system
(Amersham Biosciences, Piscataway, NJ, USA).

Enzyme-linked immunosorbent assay
Cell culture supernatants were harvested from B16-F1 cells 36 h
after transfection with miRNA-NC, miR-98, anti-miRNA-NC or
anti-miR-98 as described above. IL-6 secretion was determined
using an ELISA Kit (BD Biosciences, San Jose, CA, USA) following
the manufacturer’s instructions. For experiments using the IL-6
antibody (R&D Systems), cells were treated with 50 ngml IL-6
antibody for 12 h.

Immunohistochemistry
IL-6 levels were assessed in a malignant melanoma tissue microarrays
(Biomax) containing 128 primary malignant melanoma samples, 64
metastatic malignant melanoma samples, eight edges and normal
tissues. Immunohistochemistry was performed in 5-mm sections of
tissues that were formalin-fixed and paraffin-embedded. Reference
sections were stained with hematoxylin and eosin (HE). The tissue
sections were incubated with IL-6 primary antibodies (1:100 dilution;
R&D Systems) at 4 °C overnight and then incubated with a horse-
radish peroxidase-conjugated mouse anti-rabbit secondary antibody
(1:1000; R&D Systems). Immunohistochemical analysis was per-
formed using the 3,3′-Diaminobenzidine Kit (Sigma-Aldrich, St Louis,
MO, USA).

Chromatin immunoprecipitation
Chromatin immunoprecipitation analysis was undertaken in B16-F1
cells that were treated with 20 ngml of IL-6 using a ChIP Kit (Abcam,
Cambridge, MA, USA) following the manufacturer’s instructions.
After immunoprecipitation using a control immunoglobulin G or an
NF-κB antibody (Cell Signaling) and DNA purification, the immuno-
precipitated DNA was amplified using the following primers that are
specific for the NF-κB binding site in the lin28B promoter: sense,
5′-TCAGGATGGGAAGAGATGCG-3′ and antisense, 5′-TTCTCGCA
GTTAACGCTGCT-3′.

Statistical analysis
Data were expressed as mean and standard deviation. Comparisons
between two independent groups were performed using independent

Figure 1 Reduced miR-98 expression marks the progression from primary to metastatic tumors and is associated with lower overall survival
in melanoma patients. (a–c) MiR-98 levels were determined using quantitative reverse transcription-polymerase chain reaction (QRT–PCR).
Data are presented as mean and s.d. (a) N=24 in each group; (b) n=13, 11, 9 and 15 in the T1, T2, T3 and T4 groups, respectively;
(c) n=15 in each group; and (d) Kaplan–Meier survival curve, the dots in the figure indicate the censored cases. The log-rank test
indicates that patients with miR-98 levels above the median had significantly higher survival rates than those with miR-98 levels below the
median, P=0.027.
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two-sample t-tests. Comparisons between three or more groups
were undertaken with analysis of variance with Fisher’s least
significant difference post hoc comparison. The survival rates were
analyzed using Kaplan–Meier estimates and compared using the log-
rank test. Data were analyzed with SPSS 15.0 (SPSS, Chicago, IL,
USA). All statistical analyses were two-sided, and P-values o0.05 were
considered statistically significant.

RESULTS

Reduced miR-98 expression marks the progression from
primary to metastatic tumors and is associated with lower
overall survival in melanoma patients
Analysis of miR-98 levels in nevi and melanoma tissues
revealed that it was significantly reduced in melanoma tissues
(Po0.001, Figure 1a). As shown in Figure 1b, miR-98 levels

Figure 2 MiR-98 suppresses melanoma metastasis in vitro and in vivo. After B16-F1 cells were transfected with microRNA (miRNA)-
negative control (NC) or miR-98 for 36 h, (a and b) cell migration and (c) expression of genes associated with cell migration
were assessed. Data are presented as mean± s.d., n=3 in each group. (d) Representative gross image of lung metastases at day 21.
(e) Metastatic tumor size of both miRNA negative control (miRNA-NC) and miR-98 groups over time. *A statistically significant difference
between the miR-98 and miR-NC groups, P⩽0.011.
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decreased with increased T stage; its expression in T4 tissues
was significantly lower than that observed in T1 and T2 tissues
(Po0.001 and P= 0.004, respectively). Moreover, compared
with primary tumors, miR-98 levels were significantly lower in
metastatic tumors (Po0.001, Figure 1c). In addition, patients
with miR-98 levels above the median had a significantly higher
survival rate than those with miR-98 levels below the median
(P= 0.027, Figure 1d).

MiR-98 suppresses melanoma metastasis in vitro and in vivo
The effects of miR-98 overexpression in B16-F1 cells were
assessed. As shown in Figure 2a, significantly fewer migrating
cells were observed in the miR-98 group compared with the
mock (Po0.001) and miRNA-NC (P= 0.005) groups. In
addition, an increased area score was observed in the miR-98
group compared with the miR-NC group at 12 h (P= 0.0561,
Figure 2b). Subsequent analysis of migration-associated genes
in B16-F1 cells revealed a significant reduction in the mRNA
levels of N-cadherin (P= 0.018), snail (P= 0.007), vimentin
(P= 0.02), twist (P= 0.012), VEGF-a (P= 0.011) and VEGF-c
(P= 0.012) in the miR-98 group. In contrast, E-cadherin levels
were significantly increased in the miR-98 group (P= 0.005,
Figure 2c).

In an in vivo model, the metastatic tumor size was increased
over time in both the miR-98 and miR-NC groups (Figure 2d).
However, the tumor size was significantly decreased by day 12
in the miR-98 group compared with the miR-NC group

(P= 0.009). This trend continued through the end of the study
on day 21 (Po0.001, Figure 2e).

Identification of IL-6 as a direct target gene of miR-98
To study the molecular mechanism by which miR-98 inhibits
metastasis, we applied TargetScan prediction software (http://
www.targetscan.org/) and found an miR-98 binding site at
312–318 in the 3′-UTR region of the IL-6 gene, which is
conserved among mice, rats, humans and other mammals
(Figure 3a). To verify whether IL-6 is an miR-98 target gene,
we overexpressed miR-98 in B16-F1 cells and analyzed IL-6
reporter activity. The relative 3′-UTR luciferase activity was
significantly decreased with miR-98 overexpression compared
with miRNA-NC (Po0.001, Figure 3b). Moreover, luciferase
activity was significantly increased when the cells were treated
with anti-miR-98 compared with anti-miRNA-NC-treated cells
(Figure 3b). The reporter activity of the mutant 3′-UTR was
not altered with miR-98 or anti-miR-98 (Figure 3c).Western
blot analysis also confirmed that miR-98 can inhibit IL-6
protein expression and that anti-miR-98 had relieved the effect
of miR-98 on IL-6 (Figure 3d). In addition, secreted IL-6 was
significantly decreased in the miR-98 group compared with the
miRNA-NC group (Po0.001); it was significantly increased in
the anti-miR-98 group compared with the anti-miRNA-NC
group (P= 0.001, Figure 3e). MiR-98 inhibits the protein
expression and secretion of IL-6 by binding its 3′-UTR.

Figure 3 Identification of interleukin-6 (IL-6) as direct target gene of miR-98. (a) Putative miR-98 binding site within the 3′-untranslated
regions (3′-UTR) of the IL-6 gene. (b and c) Relative luciferase activity of the (b) wild-type and (c) mutant IL-6 reporter after transfection
of B16-F1 cells with miRNA-negative control (miRNA-NC), miR-98, anti-miRNA-NC and anti-miR-98. Data are presented as mean± s.d.
(n=6 in each group). (d) Western blot analysis of IL-6 protein levels after the indicated treatment. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) served as the loading control. (e) Secreted IL-6 levels were determined by enzyme-linked immunosorbent assay
(ELISA) after the indicated treatment. Data are presented as mean± s.d. (n=3 in each group).
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IL-6 promotes melanoma metastasis in vitro and in vivo
The protein levels of IL-6 were analyzed in a tissue array
comprised of normal, melanoma and metastatic tissues by
immunohistochemistry staining (Figure 4a). Analysis of the
staining revealed that IL-6 expression was much higher in the
metastatic samples compared with the control samples
(P= 0.006, Figure 4b).

The effects of IL-6 on B16-F1 cell migration were next
evaluated in vitro and in vivo. As shown in Figure 4c, B16-F1
cell migration increased after treatment with IL-6. In addition,
the metastatic tumor size was significantly greater after treat-
ment with IL-6 at days 18 (P= 0.001) and 21 (P= 0.02, Figures
4d and e). IL-6 treatment also led to significantly increased
mRNA levels of N-cadherin (P= 0.014), snail (P= 0.045),
vimentin (P= 0.022), twist (P= 0.034), VEGF-a (P= 0.027)

and VEGF-c (P= 0.024), and decreased E-cadherin levels
(P= 0.003, Figure 4f).

MiR-98 is negatively regulated by IL-6 signaling through
lin28B
We next determined the miR-98 levels after the cells were
treated with IL-6. As shown in Figure 5a, treatment with IL-6
led to decreased miR-98 levels in a dose-dependent manner.
Alternatively, significantly increased expression of miR-98 was
observed over time after treatment with an IL-6-neutralizing
antibody (Figure 5f). Increased miR-98 expression coincided
with decreased secreted IL-6 protein levels (Figure 5g).
Figure 6b shows that the effects of IL-6 on miR-98 levels were
inhibited with siRNA-Stat3, but not with siRNA-NC. As shown
in Figure 5c, the effects of IL-6 were also blocked by the NF-κB

Figure 4 Interleukin-6 (IL-6) promotes melanoma metastasis in vitro and in vivo. (a) Representative immunohistochemical analysis of a
tissue array for IL-6 expression. (b) Relative IL-6 protein expression in control, primary and metastatic tissues as determined by
immunohistochemistry. Data are presented as mean± s.d. (n=8, 15 and 15 in control, primary and metastasis groups). (c) Respective
image of B16-F1 migration after IL-6 treatment. (d) Metastatic tumor size of both the control and IL-6 groups over time. *A significant
difference between the control and IL-6 groups (P=0.001 and P=0.020 on days 18 and 21, respectively). Data are presented as
mean± s.d. (n=4 in each group). (e) Representative gross image of lung metastases at day 21. (f) Analysis of migration-associated gene
expression after treatment with IL-6. *A significant difference between the control and IL-6 groups, P⩽0.045.
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inhibitors, BAY-117082 and JSH-23. In addition, IL-6 induced
lin28B (a negative regulator of miR-98) expression (Figure 5d).
Chromatin immunoprecipitation analysis of the lin28B pro-
moter revealed its interaction with NF-κB (Figure 5e).

In vivo validation of the relationship between miR-98 and
IL-6 production
The effect of miR-98 on IL-6 and the subsequent NF-κB
pathway was further evaluated in vivo using the metastatic
tumor model used in Figure 2. The therapeutic effect of
miR-98 application was validated once again (Figures 6a–c).
The size of metastatic tumors in the miR-NC group con-
tinuously increased from day 15 until the end of the study,
whereas the tumor size was significantly smaller in those
treated with miR-98 from days 20 to 35 (P⩽ 0.018,

Figure 6a). Representative lungs from both groups are
shown in Figure 6b. The survival rate for the miR-98
group was higher than that observed for the miR-NC group,
although it did not reach statistical significance (Figures 6c,
P= 0.076). A concomitant increase in serum IL-6 levels was
observed in the miR-NC group; however, no such increase
was observed in the miR-98 group (Figure 6d). Significant
differences between the two groups were observed on days 25,
30 or 35 (P⩽ 0.006).

Analysis of Stat3 and p65 phosphorylation as well as lin28B
mRNA levels at the end of the study was also undertaken. As
shown in Figure 6e, the phosphorylation of both Stat3 and p65
was reduced in the miR-98 group compared with the controls.
In addition, the lin28B mRNA levels in the miR-98 group was
also decreased compared with the miR-NC group (P= 0.003).

Figure 5 MiR-98 is negatively regulated by interleukin-6 (IL-6) signaling through lin28B. (a) Quantitative reverse transcription-polymerase
chain reaction (RT–PCR) analysis of miR-98 levels in B16 cell after treatment with IL-6. (b) Quantitative RT–PCR analysis of miR-98
levels in signal transducer and activator of transcription 3 (Stat3) small interfering RNA (siRNA)-transfected B16 cells after treatment with
IL-6. (c) Quantitative RT–PCR analysis of miR-98 levels in B16 cells after treatment with IL-6 and the nuclear factor-κB (NF-κB)
inhibitors, BAY-117082 or JSH-23. (d) Western blot analysis of lin28B protein level after treatment with IL-6. (e) Chromatin
immunoprecipitation analysis of lin28B promoter binding by NF-κB. (f) Relative miR-98 level in B16 cells after treatment with IL-6
antibodies. (g) Relative secreted IL-6 level in B16 cell medium after treatment with IL-6 antibodies. Data are presented as mean± s.d.
(n=3 for each group).
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DISCUSSION

The prognosis of melanoma patients with regional or distant
metastases remains poor5 due in part to limited prognostic
markers and treatment options. Given the effects of miR-98 on
cancer cell growth, survival and invasive potential,17,18 the
present study sought to evaluate the levels of miR-98 in
melanoma patients and its effects on migration and metastasis.
In addition, the mechanism underlying the effects of miR-98
was explored. Downregulation of miR-98, a let-7 family
member, was detected in human melanoma samples, and
miR-98 inhibited melanoma metastasis in part through a novel
miR-98-IL-6-negative feedback loop.

In the present study, reduced expression of miR-98 was
observed with increasing melanoma stage. MiR-98 expression
was downregulated in metastatic tumors compared with
primary tumors. This is consistent with what has been observed
in human lung adenocarcinoma cells.19 Moreover, altered
miR-98 expression has been associated with the normal-to-
cancerous transition in endometrial cells.20 Further studies will
determine the effects of silencing miR-98 in normal melano-
cytes to determine the effect of this change on cancer initiation.

Analysis of the effects of miR-98 on breast cancer cells revealed
that it inhibited cell proliferation, survival, growth, invasion and
angiogenesis.17 Reduced human esophageal squamous cell carci-
noma migration and invasion was also observed with miR-98.21

These results are consistent with those observed in the present
study where ectopic expression of miR-98 inhibited B16-F1 cell
migration as well as in vivo metastasis and tumor growth.
Similarly, we observed reduced expression of migration- and
angiogenesis-associated gene expression with miR-98. However,
the effects of miR-98 on angiogenesis were not directly assessed,
but this will be the subject of further studies.

In the present study, IL-6, an immunomodulatory cytokine,
was found to be a miR-98 target. In addition, it promoted
tumor growth and invasion, which is consistent with previous
studies.22–24 Increased serum levels of IL-6 were an indepen-
dent prognostic biomarker of shorter overall survival in
metastatic melanoma patients.25 Therefore, the reduced
miR-98 levels in these patients will likely result in a con-
comitant increase in IL-6 levels and poorer prognosis. Further
studies will evaluate the correlation between IL-6 and miR-98
levels in melanoma patients as well as the prognostic value of
determining miR-98 levels in these patients. In addition,
further tissue array analyses will be undertaken to determine
the cell types that express IL-6 in malignant melanoma (for
example, tumor cells and/or surrounding immune cells).

In the present study, we found that IL-6 also repressed
miR-98 expression with a role for Stat26 and NF-κB27 signaling
on IL-6 activity and expression, respectively. We analyzed

Figure 6 In vivo validation of the relationship between miR-98 and interleukin-6 (IL-6) production. (a) Metastatic tumor size of both the
miRNA-negative control (miR-NC) and miR-98 groups over time. Data are presented as mean± s.d. (n=3 in each group). *A statistically
significant difference between the miR-98 and miR-NC groups, P⩽0.018. (b) Representative gross image of lung metastases at day 35.
(c) Kaplan–Meier survival curve, the dots in the figure indicate the censored cases. Log-rank tests indicate a significant difference between
the groups, P=0.076. (d) Relative serum IL-6 levels after mice were treated with miRNA-NC or miR-98; n=3 for each group. (e) Western
blot analysis of total Stat3 and p64 and phosphorylated Stat3 and p65 after 35 days treatment with miR-98 or miRNA-NC in tumor
samples at day 35. (f) Relative lin28B mRNA levels in tumor samples at day 35 after mice were treated with miRNA-NC or miR-98. Data
are presented as mean± s.d. (n=3 in each group).
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miR-98 expression in the presence of Stat3 silencing as well as
NF-κB inhibitors.

The therapeutic potential of miR-98 was illustrated using an
miR-98 mimic in the present study. Specifically, miR-98 mimics
reduced tumor size as well as increased survival in a mouse
model of metastatic melanoma, which is in agreement with that
observed in prostate cancer cells.18 This is also consistent with
studies that reported an increase in cisplatin sensitivity in
resistant human lung adenocarcinoma cells.19,28 Further studies
will evaluate the effects of miR-98 along with chemotherapies to
determine if this miRNA can also increase melanoma sensitivity.

Although we show that IL-6 is a target of miR-98 and that
miR-98 is negatively regulated by IL-6 via lin28B, further
studies will assess both miR-98 and IL-6 expression in patient
tissues to assess their association. Furthermore, although this
study focused on IL-6 signaling as a means by which miR-98
suppresses tumor metastasis and growth, the effects of miR-98
may also be mediated through additional mechanisms, which
will be elucidated in further studies. Additional studies analyz-
ing the therapeutic effects of miR-98 will be carried out using
increased administration time and dosage. These studies will
form the basis for further evaluation of the prognostic and
therapeutic value of miR-98.

In conclusion, miR-98 is a suppressor of IL-6 signaling,
forming a negative feedback loop to suppresses melanoma
metastasis.
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