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MicroRNAs (miRNAs) play a key role in cancer progres-
sion by coordinately repressing target genes involved in
cell proliferation, migration, and invasion. miRNAs regu-
late gene expression by repressing translation or direct-
ing sequence-specific degradation of complementary
mRNA. Here, we report that expression of miR-1280 is
significantly suppressed in human melanoma specimens
when compared with nevi, and in human melanoma
cell lines when compared with cultured normal human
melanocytes. The proto-oncogene Src was identified
as a target of miR-1280 action. Levels of Src expression
were significantly higher in melanoma samples and cell
lines than in nevi and normal melanocytes. miR-1280
overexpression significantly suppressed the luciferase
activity of reporter plasmids containing the full-length
3’ untranslated region of Src. miR-1280-mediated sup-
pression of Src led to substantial decreases in melanoma
cell proliferation, cell cycle progression, invasion, as well
as induced melanoma cell apoptosis. The effects of miR-
1280 overexpression on melanoma cell proliferation
and growth were reversed by Src overexpression. Intra-
tumoral delivery of miR-1280 significantly suppressed
melanoma cell growth in vivo. Our results demonstrate a
novel role for miR-1280 as a tumor suppressor in mela-
noma, identify the Src signaling pathway as a target of
miR-1280 action, and suggest a potential therapeutic
role for miR-1280 in melanoma.
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INTRODUCTION

Melanoma is the sixth most common cancer in the United States,
and one of the leading causes of death from skin cancer. Each year,
more than 70,000 patients are diagnosed with melanoma in the
United States, and around 9,500 die from the disease.' Melanomas
are genetically complex malignancies characterized by dysregula-
tion of multiple signaling and tumor suppressor/oncogene path-
ways, including B-Raf proto-oncogen, serine/threonine kinase,
neuroblastoma RAS viral oncogene homolog, and phosphatase

and tensin homolog.>? The global incidence of melanoma contin-
ues to rise faster than any other malignancy, and despite consider-
able research efforts, no curative therapy is available for advanced
metastatic melanoma .

MicroRNAs (miRNAs) are small, ~18-24 nt, endogenously
synthesized nonprotein-coding sequences thought to regulate
>90% of human genes.* miRNAs regulate gene expression by com-
plementary base pairing with the 3" untranslated region (UTR) of
target mRNAs, causing their degradation,’ or by directly mediat-
ing mRNA degradation.® miRNAs are expressed in a tissue-spe-
cific manner and are central regulators of gene expression. They
can act either as oncomirs by targeting tumor suppressors, or as
tumor suppressors by targeting oncogenes.”® Inactivation of onco-
genic miRNAs”'® or restoration of tumor-suppressor miRNAs!''-?
may have great potential for cancer treatment. Due to their tre-
mendous regulatory potential and tissue-specific and disease-spe-
cific expression patterns, there is increasing evidence that miRNA
expression profiles could be indicative of disease risk or burden.'*'*

Src family kinases are nonreceptor cytoplasmic protein media-
tors of signal transduction which act as proto-oncogenes by medi-
ating tumor cell proliferation, adhesion, angiogenesis, as well as
invasion and metastasis.'® Src kinase activity is elevated in a vari-
ety of cancers'”'® and has been linked with the progression of dif-
ferent human cancers,"”'*? including melanoma.?' Src inhibition
has preclinical activity in melanoma cell lines,” and inhibition of
Src-kinase decreases levels of phosphorylated Stat3 and promotes
melanoma cell apoptosis.®

This report describes, for the first time, a functional role for
miR-1280 in melanoma progression, identifies the proto-onco-
gene Src as a target of miR-1280 action, and suggests its potential
therapeutic role.

RESULTS

miR-1280 expression in melanoma tissues and cell
lines

miRNA qRT-PCR of nevus (n = 24) and melanoma (n = 37) sam-
ples indicated that miR-1280 expression is significantly (P < 0.005)
downregulated in melanomas when compared with nevus samples
(Figure 1a). The clinicopathological characteristics of the mela-
noma and nevus cohort are presented in Supplementary Table S1.
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Figure 1 Suppression of miR-1280 expression in melanoma is accompanied by Src overexpression. (a, b) miRNA-gRT-PCR analysis showing
expression of miR-1280 expression in a cohort of melanomas (n = 37) and nevi (n = 24) and in a panel of melanoma cell lines and normal human
melanocytes (HEM). (¢, d) Src mRNA expression in a cohort of melanomas (n = 37) and nevi (n = 24), and in a panel of melanoma cell lines and
normal human melanocytes (HEM). (e) Src protein expression in melanoma cell lines and normal human melanocyte. (b, d) Data presented reflect

mean + SEM of three replicates. *P < 0.05.

In addition, miR-1280 expression was substantially downregu-
lated in a panel of melanoma cell lines when compared with nor-
mal human melanocytes (Figure 1b). This analysis demonstrated
the downregulation of miR-1280 in melanoma specimens and cell
lines, thereby indicating a possible tumor suppressor role .

Src oncogene as a target of miR-1280

To identify potential effectors of miR-1280, we used in silico
algorithm and sequence alignments to predict its mRNA tar-
gets. This analysis identified Src as a putative target, as the seed
sequence of miR-1280 was complementary to the 3'UTR of Src
(Figure 2a). To investigate the association between expression of
miR-1280 and of Src, we determined Src expression in the same
tissue samples and panel of cell lines. Src expression was signifi-
cantly higher in melanoma tissues when compared with nevus
samples (Figure 1c). Similarly, Src expression at the mRNA and
protein levels was higher in melanoma cells when compared
with the normal human melanocyte line, although the absolute
level of expression varied among different melanoma cell lines
(Figure 1d,e). Thus, the downregulation of miR-1280 in mela-
noma is accompanied by overexpression of Src, which is known
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to play an important oncogenic role with pleiotropic effects on
multiple signaling pathways involved in tumor cell proliferation,
migration and invasion.'®*

To assess Src as a functional target of miR-1280, we cotrans-
fected a full-length Src-3’UTR-luciferase expression vector
along with miR-1280 into A375 and 1205-Lu human mela-
noma cells. This treatment resulted in a statistically significant
decrease in reporter gene expression when compared with the
control 3'UTR vector (Figure 2b,c). However, cotransfection
with a vector containing a mutated Src-3"UTR site had no effect
on reporter gene activity (Figure 2b,c). These results indicate
that the conserved nucleotides in the 3'UTR of Src are respon-
sible for miR-1280 targeting in vitro.

Effects of miR-1280 overexpression on melanoma
progression

Transient overexpression of miR-1280 (Figure 3a) suppressed
Src at the protein level, with a concomitant suppression of
downstream genes in the Src signaling pathway (Figure 3b).
Thus, we observed a substantial decrease in the expression of
AKT, MYC, JUN, BCL-XL, and BCL2 in A375 melanoma cells
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Figure 2 Src as a target of miR-1280. (a) The miR-1280 seed sequence is complementary to the 3’UTR of Src. (b, c) Luciferase assays showing
reporter activity after cotransfection of Src-3"UTR or Src- 3’UTR Mutant with miR-1280 in A375 and 1205-Lu cells, respectively. (b, ¢) Data presented

reflect mean + SEM of three independent experiments. *P < 0.05.

following miR-1280 overexpression (Figure 3b). Suppression
of endogenous miR-1280 in normal human melanocytes
by anti-miR-1280 resulted in induction of Src expression
(Supplementary Figure S1), confirming miR-1280-mediated
regulation of Src in both melanocytes and melanoma cells.
Overexpression of miR-1280 in A375 cells substantially sup-
pressed tumor cell proliferation (Figure 3c) when compared
with cells expressing a control miRNA (cont. miR). The miR-
1280-transfected A375 cells showed lower colony formation
ability, as both the size and number of foci were reduced when
compared to control miR-expressing cells (Figure 3d). Cell
cycle analysis revealed a statistically significant increase in the
GO0/G1 phase and a decrease in the S-phase of A375 cells over-
expressing miR-1280 when compared with control miR (Figure
3e). miR-1280 overexpression induced apoptosis in A375 cells
when compared with control miR (Figure 3f). Furthermore,
miR-1280 overexpression suppressed the invasive capability
of A375 cells (Figure 3g). To confirm the effects of miR-1280
overexpression, miR-1280 was transfected into 1205-Lu human
melanoma cells. As shown in Supplementary Figure S2a-g,
similar decreases in cell proliferation, colony formation and
S-phase, together with an increase in apoptosis, were observed
in 1205-Lu cells transfected with miR-1280. These results con-
firm the phenotypic effects of miR-1280 overexpression in
human melanoma cells.

The role of Src in mediating the effects of miR-1280

To further explore the role of Src as a target of miR-1280, we cotrans-
fected A375 cells with miR-1280 and a Src expression vector, and
examined their effects on melanoma cell survival. Cotransfection
of miR-1280 and an empty vector control resulted in suppres-
sion of Src and its downstream targets pAKT(Ser473), BCL2 and
BCL-XL, accompanied by suppression in A375 melanoma cell
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survival and colony formation ability (Figure 4a—c). These effects
were largely reversed following cotransfection of miR-1280 and a
vector expressing Src cDNA (Figure 4a—c). These results indicate
that the effects of miR-1280 on melanoma proliferation appear to
be mediated largely by its inhibition of Src expression.

Combined effects of a Src inhibitor and miR-1280
Next, we determined if overexpression of miR-1280 in com-
bination with a Src inhibitor (dasatinib) resulted in increased
antiproliferative effects. As shown in Figure 4d, A375 cells
transfected with miR-1280 were 2.5-fold more sensitive to
dasatinib treatment than cont.-miR-transfected cells, indicat-
ing that miR-1280 sensitizes melanoma cell lines to dasatinib
treatment.

Intratumoral delivery of miR-1280 suppresses tumor
growth in vivo

To study the effects of miR-1280 on melanoma progression
in vivo, we used an intratumoral delivery approach.” A375
cells (1x10°) were injected subcutaneously into nude mice,
and miR-1280 or control miRNA, complexed with the siPORT
transfection reagent, was injected intratumorally every 2 days
once palpable tumors were detected (usually on day 12) until day
27, after which the mice were killed due to the presence of large
tumors in the control group. Intratumoral injection of miR-1280
significantly suppressed tumor cell growth when compared with
control miR (Figure 5a). We then determined the expression of
miR-1280 and Src in harvested tumors. A significant increase in
the expression of miR-1280 was observed in miR-1280-treated
tumors when compared with controls, with a corresponding
decrease in Src expression (Figure 5b,c). These findings further
confirm the tumor suppressor effects of miR-1280 in a xenograft
model of melanoma.
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Figure 3 miR-1280 suppresses Src and inhibits A375 melanoma cell proliferation, colony formation, and invasion, and induces apoptosis.
(a) Relative miR-1280 expression levels in A375 cells following transfection with miR-1280 as determined by miR qRT-PCR. (b) Western blot analysis
showing miR-1280-mediated effect on Src expression and its downstream targets. (c) The proliferative ability of A375 cells after miR-1280 trans-
fection (d) miR-1280 overexpression significantly inhibits the colony formation ability of A375 melanoma cells. (e) Cell cycle analysis of A375 cells
after transfection of miR-1280. (f) Apoptotic index of A375 cells after miR-1280 overexpression when compared with cont.miR-expressing cells.
(g) miR-1280 overexpression significantly suppressed the invasive ability of A375 melanoma cell lines. (c-g) Data presented reflect mean + SEM of

three independent experiments. *P < 0.05.

DISCUSSION

The Src nonreceptor tyrosine kinase and the structurally homol-
ogous Src family kinases are known to promote cell prolifera-
tion, survival, motility, and angiogenic potential, all of which
support the neoplastic phenotype.'”?s Elevated kinase activity
of c-Src proto-oncogenes is found in a number of tumors, and

74

Src inhibition has recently emerged as a target of drug therapy.
Increased Src expression and activity has been reported in mela-
noma cell lines and in melanoma tumors in vivo."?” Src expres-
sion has been shown to be regulated by small molecule inhibitors
such as dasatinib and bosutinib. However, the regulation of Src by
miRNAs in melanoma has not been explored in detail.
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Figure 4 Src overexpression reverses miR-1280-mediated effects. Effects of cotransfection of Src, along with miR-1280 on gene expression (a), cell
proliferation (b), and colony formation (c) ability of A375 melanoma cells. (d) Effects of miR-1280 in combination with the Src inhibitor dasatinib on
melanoma cell proliferation. (b, d) Data presented reflect mean + SEM of three independent experiments. *P < 0.05.

In this study, we examined both the regulation of the Src
pathway by miR-1280 in melanoma, as well as its functional sig-
nificance. miR-1280 is a largely unstudied miRNA, other than a
previous study in bladder cancer.® As a result, little is known of
its potential function in cancer. Here, we report suppression of
miR-1280 and demonstrate its role as a tumor suppressor in mela-
noma. We observed miR-1280 to be downregulated in melano-
mas when compared with nevi, as well as in melanoma cell lines
when compared with cultured melanocytes. In silico algorithm
and sequence alignment identified the Src proto-oncogene as a
possible target. Our results demonstrated that miR-1280 directly
targets the 3"UTR of Sr, as its overexpression was associated with
suppression of luciferase activity in a reporter plasmid driven by
the Src-3'UTR.

In addition, a significant downregulation of Src protein levels
was observed following miR-1280 overexpression, indicating the
post-transcriptional regulation of Src via targeting its 3'UTR. Src
has been reported to be expressed at high levels in malignant mel-
anoma,” whereas its expression is lower in benign melanocytic
lesions or normal skin,* suggesting a role for Src in the develop-
ment and/or progression of melanoma. Src is a proto-oncogene
with demonstrated functions in tumor formation and progres-
sion.'** Our results suggest silencing of miR-1280 as a possible
mechanism for Src overexpression in melanoma. Recently, Src was

Molecular Therapy vol. 23 no. 1 jan. 2015

also reported to be targeted by miR-31 in melanoma.? Src expres-
sion is frequently elevated in a variety of cancers, including breast,
pancreatic, and lung cancer, as well as melanoma,?**** and may
therefore represent a promising molecular target for anticancer
therapy. Due to increased activity of Src in melanoma, a phase
II study using the Src inhibitor saracatinib (AZD0530) was per-
formed in melanoma, although no objective clinical responses
were observed.” Other Src inhibitors including dasatinib and
bosutinib have also been used to target Src. Suppression of Src
by tyrosine kinase inhibitors caused retardation of melanoma cell
growth and reduced Stat3 activation.” However, they are multitar-
geted inhibitors, and higher concentrations are needed to produce
antiproliferative effects in melanoma.*® miRNA-mediated target-
ing of Src alone or in combination with Src inhibitors provides a
novel alternative approach to regulate its activity.

Src has been reported to be expressed at higher levels in malig-
nant melanoma than nonmelanoma skin cancers such as basal cell
carcinoma and squamous cell carcinoma.? Accordingly, we observed
Src to be overexpressed in melanoma cell lines when compared
with melanocytes, and in melanomas when compared with nevi.
Additional studies identified Src as a direct functional target of miR-
1280. miR-1280-mediated suppression of Src was accompanied by
suppression of downstream targets of Src and induction of antipro-
liferative and proapoptotic effects. Mechanistic studies showed that
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Figure 5 Intratumoral delivery of miR-1280 suppresses melanoma cell growth. (a) Tumor volume following intratumoral delivery of miR-1280
or cont. miRNA into palpable tumors generated by subcutaneous injection of A375 cells. (b) Expression of miR-1280 in tumors injected with cont.
miRNA or miR-1280. (c) Western blot analysis of Src expression in tumors injected with cont. miRNA or miR-1280. In panel A data presented reflect

mean = SEM of 10 mice in each group. *P < 0.05.

the tumor suppressor effects of miR-1280 were mediated, in large
part, by inhibition of Src expression. Src inhibitor-mediated effects
were phenocopied by miR-1280 overexpression, consonant with
prior studies documenting Src-mediated regulation of cell motility
and invasion.'® miR-1280 overexpression also sensitized melanoma
cell lines to the Src inhibitor dasatinib. The in vivo intratumoral deliv-
ery of miR-1280 into subcutaneous xenografts significantly reduced
tumor burden. The tumors receiving miR-1280 showed significantly
higher (>fivefold) expression of miR-1280, accompanied by a >60%
reduction in Src expression when compared to the control miRNA
group, thus, highlighting the role of miR-1280 in Src-mediated
tumor progression in vivo. The intratumoral delivery of miR-1280
also reduced the tumor burden by >60%, underscoring the thera-
peutic potential of miR-1280 in melanoma. Given the propensity of
melanoma to recur locoregionally as satellite or intransit metasta-
ses, intralesional approaches to melanoma therapy, including gene
therapy approaches, have been actively pursued in the management
of melanoma patients with locally recurrent disease.”~* To date, one
other study has described a role for intralesional therapy of a miRNA
(miR-205)* for melanoma therapy.

In conclusion, our study demonstrates that miR-1280 is signifi-
cantly suppressed in melanoma. miR-1280 overexpression results
in downregulation of Src, suppression of the proliferative and
invasive ability of melanoma cells, and induction of melanoma cell
apoptosis. Overall, these studies describe a promising therapeutic
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role for overexpressing miR-1280 in melanoma, which appears to
act at least in part by mimicking pharmacological inhibitors of Src.

MATERIALS AND METHODS

Cell culture, plasmids, and transfection. Melanoma cell lines Lox (pro-
vided by Dr. Oystein Fodstad), A375 (ATCC, Manassas, VA), Mamel66a
and Mamel103b (provided by Dr. Dirk Schadendorf) were grown in
RPMI with 5% fetal bovine serum. 1205-Lu (Coriell Institute, Camden,
NJ) were grown in TU-2% media. C8161.9 cells (obtained from Dr.
Danny Welch) were grown in DMEM/F12 with 5% fetal bovine serum
(Life Technologies, Carlsbad, CA). Normal human melanocytes were
grown in LL-0027 media (Lifeline cell technology, Walkersville MD).
All cells were cultivated at 37 °C in an atmosphere containing 5%
CO,. Plasmids pcDNA3.1 (Life Technologies), pcDNA-SRC (Addgene,
Cambridge, MA), pEZX-MT01 miRNA 3’-UTR target expression clones
for Src (HmiT017696-MT01) and miRNA target clone control vector for
pEZX-MTO01 (CmiT000001-MT01) (GeneCopoeia, Rockville, MD) were
purchased. Mutated Src 3"UTR sequences complementary to miR-1280
were cloned in the pmirGLO-dual luciferase vector (Promega, Madison,
WI). miRNA precursors and anti-miRNA for miR-1280 and controls
were purchased from Life Technologies. Transient transfections were
carried out by Lipofectamine-2000 (Life Technologies) according to the
manufacturer’s protocol. Src inhibitor dasatinib was purchased from
Chemietek (Indianapolis, IN).

Quantitative real-time PCR. Mature miRNAs and mRNAs were assayed
using the TagMan MicroRNA Assays and Gene Expression Assays,
respectively, in accordance with the manufacturer’s instructions (Life
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Technologies). All RT reactions, including no-template controls and
RT minus controls, were run in a 7500 Fast real-time PCR system (Life
Technologies). RNA concentrations were determined with a NanoDrop
(Thermo Scientific, Rockford, IL). Samples were normalized to RNU48
for miRNAs or HPRT1 for mRNAs (Life Technologies) as indicated. Gene
expression levels were quantified using the 7500 Fast real-time sequence
detection system software (Life Technologies). Comparative real-time
PCR was performed in triplicate, including no-template controls. Relative
expression was calculated using the comparative Ct method.

RNA and miRNA extraction from tissue samples and cell lines. Samples
from melanoma patients (n = 37) and benign nevi (n = 24) were obtained
under a protocol approved by the California Pacific Medical Center
Institutional Review Board (CPMC IRB# 2009.112EXP, Approved on April
2014, Expires April 2015) Informed consent was obtained from each patient
for this study. RNA was extracted by using RNeasy Mini Kit (Qiagen,
Valencia, CA) following the manufacturer’s protocol. miRNAs were
extracted by using the mirVana miRNA extraction kit (Life Technologies)
from tissues and cell lines following the manufacturer’s instructions.

Cell viability, colony formation, and cell cycle analysis. Cells were plated in
96-well plates at a density of 3x 10° cells per well. Cell viability was assessed at
24, 48, and 72 hours post-transfection using Cell Counting Kit-8 (Dojindo,
Rockville, MD) following the manufacturer’s protocol. For the colony-
formation assay, 200 cells were plated in a six-well plate in triplicates and allowed
to grow till visible colonies appeared. Colonies were stained with Giemsa and
counted. Cell cycle analysis was performed as described previously.*!

Western blot analysis. Cell lysates were prepared in phosphate-buffered
saline containing 1x Halt protease inhibitor cocktail and 1x Halt phospha-
tase inhibitor cocktail (Pierce, Rockford, IL) centrifuged at 3500 rpm for
10 minutes at 4 °C. Proteins (10-15 ug) from each sample were subjected
to sodium dodecyl sulfate/polyacrylamide gel electrophoresis (PAGE) and
transferred onto a nitrocellulose membrane. Target proteins were detected
by using specific antibodies against SRC, AKT, pAKT (Ser473), c-Myc,
¢-JUN, BCL-XL, GAPDH (Cell Signaling Technology, Danvers, MA), and
BCL2 (Santa Cruz Biotechnology, Santa Cruz, CA).

Luciferase assays. For reporter assays, cells were transiently transfected
with Src-3'UTR or cont. 3’'UTR along with miR-1280. Firefly luciferase
activities were measured by using the Dual Luciferase Assay (Promega)
24 hour after transfection and the results were normalized with Renilla
luciferase. Each reporter plasmid was transfected at least three times and
each sample was assayed in triplicate.

In vivo intratumoral delivery of miR-1280. The antitumor effect of miR-
1280 was determined by local administration of miR-1280 precursor in
established tumors as described previously.” Each mouse was injected
subcutaneously with 1.0 x 10° A375 melanoma cells. Once palpable tumors
developed (average volume of 200 mm?), 6.25 g of synthetic miRNA com-
plexed with 1.6 pl siPORT Amine transfection reagent (Ambion) in 20 pl
phosphate-buffered saline was delivered intratumorally at 2-day intervals.
All animal care was in accordance with institutional guidelines.

Statistical analysis. All quantified data represent an average of at least trip-
licate samples or as indicated. Error bars represent standard error of the
mean. Statistical significance was determined by the Student’s ¢-test and
two-tailed P values < 0.05 were considered significant.

SUPPLEMENTARY MATERIAL

Figure $1. Anti-miR-1280 induces Src expression in normal human
melanocytes.

Figure $2. Src-mediated effects of miR-1280 on 1205-Lu melanoma
cell proliferation, apoptosis, and invasion.

Table S$1. Clinico-pathologic characteristics of primary melanoma
patient cohort and nevus cohort.
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