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Cutaneous melanoma is an aggressive form of human
skin cancer characterized by high metastatic potential
and poor prognosis. To better understand the role of
microRNAs (miRNAs) in melanoma, the expression of
470 miRNAs was profiled in tissue samples from be-
nign nevi and metastatic melanomas. We identified 31
miRNAs that were differentially expressed (13 up-
regulated and 18 down-regulated) in metastatic mela-
nomas relative to benign nevi. Notably, miR-193b was
significantly down-regulated in the melanoma tissues
examined. To understand the role of miR-193b in
melanoma, functional studies were undertaken. Over-
expression of miR-193b in melanoma cell lines re-
pressed cell proliferation. Gene expression profiling
identified 314 genes down-regulated by overexpres-
sion of miR-193b in Malme-3M cells. Eighteen of these
down-regulated genes, including cyclin D1 (CCND1),
were also identified as putative miR-193b targets by
TargetScan. Overexpression of miR-193b in Malme-3M
cells down-regulated CCND1 mRNA and protein by
>50%. A luciferase reporter assay confirmed that miR-
193b directly regulates CCND1 by binding to the 3�un-
translated region of CCND1 mRNA. These studies indi-
cate that miR-193b represses cell proliferation and
regulates CCND1 expression and suggest that dysregu-
lation of miR-193b may play an important role in mel-
anoma development. (Am J Pathol 2010, 176:2520–2529;
DOI: 10.2353/ajpath.2010.091061)

Cutaneous melanoma is a form of skin cancer character-
ized by aggressive metastatic growth and poor progno-
sis.1 The incidence of melanoma continues to increase in
many parts of the world.2 The median survival time of
patients with metastatic melanoma is 6 months, and the
5-year survival rate is less than 5%.3 Genetic factors and

exposure to ultraviolet radiation are risk factors for mela-
noma pathogenesis.4

MicroRNAs (miRNAs) are a class of small (�22 nucle-
otides) noncoding regulatory RNAs found in animals,
plants, and viruses.5 miRNAs regulate gene expression
through imperfect or perfect base pairing with the 3�
untranslated region (3� UTR) of targeted mRNA, resulting
in translational repression or mRNA destabilization and
degradation.5 The exact mechanisms by which miRNAs
recognize and regulate target genes are not well under-
stood.6 Experimental data demonstrated that a 6-nucle-
otide seed sequence, from nucleotides 2 to 7 at the 5�
end of the miRNA, called miRNA “seed,” is involved in
target recognition.7 Genes targeted by a miRNA often
contain seed-matched sites at their 3� UTR. Nevertheless, a
single miRNA can regulate expression of hundreds of
genes,8,9 and at least one third of human protein-coding
genes are thought to be regulated by miRNAs.10 Impor-
tantly, miRNA target sites are often evolutionarily con-
served in the genomes of many species, suggesting that
miRNA:mRNA interactions are functionally significant and
biologically important. Consistent with this, functional
studies have implicated miRNAs in many biological pro-
cesses, including development, differentiation, apopto-
sis, and cell proliferation.5

Recent studies have characterized diverse miRNA
regulatory networks and suggested that miRNA dysregu-
lation plays an important role in human cancer. Cancer-
specific miRNA expression profiles have been identified
in a variety of human malignancies.11 Depending on the
specific miRNA and the cellular context, miRNAs are
reported to act as either tumor suppressors or onco-
genes.12 Differential expression of miRNAs in cancer
cells may in part reflect the fact that many miRNA genes
are located in cancer-associated genomic regions.13 Ab-
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normal epigenetic regulation and transcriptional factor
deregulation may also contribute to distinct patterns of
miRNA expression in cancer cells.14,15

Several previous studies have examined possible roles
of miRNA dysregulation in melanoma. One study exam-
ined the relative expression of 157 miRNAs in primary
melanomas and benign nevi using quantitative real-time
PCR.16 Schultz et al showed that let-7 family miRNAs
were significantly down-regulated in primary melanomas,
and let-7b inhibited melanoma cell cycle progression.16

Another study examined miRNA expression profiles in me-
lanocytes and cell lines derived from primary or metastatic
melanoma and identified large numbers of miRNAs associ-
ated with melanoma progression and metastatic coloniza-
tion.17 However, it has been suggested that global miRNA
abundance is generally higher in tissues compared
with cell lines,18 and we believe a study using tissues
can add important information to this field. In this study,
we profiled 470 miRNAs in metastatic melanomas and
benign nevi using a microarray platform and identified 31
miRNAs that were differentially expressed in melanomas
compared with nevi. One candidate miRNA identified in
this study is miR-193b. We demonstrated miR-193b re-
presses melanoma cell proliferation and that CCND1 is a
direct target of miR-193b.

Materials and Methods

Cell Culture and Tissue Samples

Metastatic melanoma cell lines Malme-3M, SKMEL-28, and
SKMEL-5 were grown in RPMI medium 1640 (Hyclone, Lo-
gan, UT) supplemented with 10% fetal bovine serum (Hy-
clone) at 37°C and 5% CO2.

Formalin-fixed paraffin-embedded (FFPE) tissues from
eight benign nevi, and eight metastatic melanomas were
obtained from the Department of Pathology and Molecular
Medicine, Kingston General Hospital. All cases were diag-
nosed and classified by a Dermatopathologist (V.A.T.). Tis-
sue samples used in this study were all within 3 years of
formalin fixation/embedding. Ethics approval was obtained
from the Faculty of Health Sciences Ethics Board at
Queen’s University.

MicroRNA Microarrays

Total RNA was isolated from FFPE samples using the
RecoverAll Total RNA Isolation kit (Ambion, Austin, TX)
according to the manufacturer’s instructions. For each
sample, three 20-�m sections were used for RNA isola-
tion. Agilent MicroRNA V1 arrays, which detect 470
human miRNAs, were used for profiling as described
previously.19 Briefly, 100 ng of total RNA from each
sample was dephosphorylated and ligated with pCp-Cy3
(Agilent, Santa Clara, CA). Labeled RNA was purified and
hybridized in a rotating oven at 55°C for 20 hours. The
chips were scanned with the Agilent DNA Microarray
scanner, and signals were quantified using the Agilent
Feature Extraction 9.5.3.1 software. Raw data can be
accessed via the National Center for Biotechnology Infor-

mation Gene Expression Omnibus website (http://www.
ncbi.nlm.nih.gov/geo/accession number GSE18512, re-
lease date Dec 20, 2009).

MicroRNA Real-Time PCR

To measure specific miRNA expression patterns in FFPE
tissues, the same total RNA described above was used
for real-time PCR assays. As well, total RNA from trans-
fected cell lines was isolated using the miRNeasy Mini
kit (Qiaqen, Valencia, CA) according to the manufac-
turer’s protocol. miRNA levels were determined using the
TaqMan MicroRNA Assays (Applied Biosystems, Foster
City, CA) according to the manufacturer’s protocol.
Briefly, miRNAs were reverse transcribed using miRNA
specific stem-loop RT primers purchased from Applied
Biosystems. Subsequent real-time PCR reactions were per-
formed using the Eppendorf Realplex system (Eppendorf,
Hamburg, Germany). PCR reactions were incubated in a
96-well plate at 95°C for 10 minutes, followed by 40 cycles
of 95°C for 15 seconds and 60°C for 1 minute. All miRNAs
were assayed in triplicate and data were normalized to
endogenous RNU6B. The relative levels were calculated
using the ��Ct method.

Reagents

The Pre-miR hsa-miR-193b miRNA Precursor and Pre-miR
Negative Control used for miR-193b overexpression studies
were purchased from Ambion. The miRNA precursors are
modified double-stranded RNA molecules designed to
mimic endogenous mature miRNAs. The CCND1 siRNA
and the negative control siRNA were purchased from Ap-
plied Biosystems. Transfection reagent was Lipofectamine
2000 (Invitrogen, Carlsbad, CA). Dicer-substrate Mcl-1
siRNA was obtained from Integrated DNA Technologies
(Coralville, IA). The transfection efficiency was �95% (data
not shown). miR-193b overexpression after transfection was
confirmed by real-time PCR (see supplemental Figure S1 at
http://ajp.amjpathol.org).

Proliferation, Apoptosis, and Cell Cycle Assays

Cells were seeded in 6-well plates at 100,000 cells per
well the day before transfection. Malme-3M cells were
transfected with 5 nmol/L miRNA precursors (either miR-
193b or negative control); SKMEL-28 and SKMEL-5 were
transfected with 50 nmol/L miRNA precursors (either miR-
193b or negative control).

Proliferation was measured using the Cell Proliferation
ELISA, BrdU (chemiluminescence) by Roche Applied
Biosciences (Laval, Quebec, Canada) following the man-
ufacturer’s instructions. Briefly, cells were harvested 72
hours posttransfection, counted, and reseeded in 96-well
black plates (Corning®, Corning, NY) at 3500 cells per
well. Cells were incubated for 24 hours in the presence of
BrdU before fixing and labeling with anti-BrdU antibody.
Chemiluminescence signal was measured using a EG&G
Berthold microplate luminometer. Results are presented
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as relative level of proliferation and are the mean of three
independent experiments � SEM.

For apoptosis analysis, the proportion of cells under-
going apoptosis and necrosis was measured using the
Annexin V FITC Apoptosis Detection kit (Calbiochem,
San Diego, CA). In brief, cells were collected 72 hours
posttransfection, washed twice with cold PBS, then re-
suspended in annexin V binding buffer. FITC-conjugated
annexin V (1.25 �l/sample) was added and cells incu-
bated for 30 minutes at room temperature in the dark.
Cells were centrifuged, resuspended in binding buffer,
and propidium iodide was added (10 �l per sample).
Samples were kept on ice and analyzed immediately by
flow cytometry, using a Beckman Coulter EPICS Altra
HSS flow cytometer. For positive control, Malme-3M cells
were treated with 10 nmol/L Mcl-1 DsiRNA and 10 �mol/L
ABT-737 as described previously.20 Representative data
from one of three independent experiments are shown.

For cell cycle analysis, samples were harvested 72
hours posttransfection, fixed overnight in ice-cold ethanol
(70% v/v), and stained for 3 hours at 4°C with 50 �g ml�1

propidium iodide (PI, Calbiochem) in PBS containing 3.8
mmol/L sodium citrate and 0.5 �g ml�1 RNase A (Sigma-
Aldrich, Oakville, ON, Canada) in 10 mmol/L Tris pH 7.5,
15 mmol/L NaCl. DNA content was determined using a
Beckman Coulter EPICS Altra HSS flow cytometer. Re-
sults are presented as % of cell population in each cell
cycle phase. Data are the mean of three independent
experiments � SEM. P value was calculated using G1
population by independent samples t test.

Gene Expression Microarray

Malme-3M cells were seeded 100,000 cells per well in
six-well plate and transfected the following day with 5
nmol/L miRNA precursors (either miR-193b or negative
control). Total RNA was harvested 24 hours after trans-
fection using miRNeasy Mini kit (Qiagen). The Agilent
Microarray Platform for One-Color Analysis of Gene Ex-
pression was used for profiling (Agilent). Briefly, 500 ng
total RNA of each sample was mixed with 5 �l of a
5000-fold dilution of Agilent One-Color Spike-in RNA con-
trol. The mixture was amplified and labeled using the One
color, Quick Amp Labeling kit (Agilent). mRNA was
primed with an oligo (dT) primer containing a T7 RNA
polymerase promoter to synthesize double-stranded
cDNA as a template for in vitro transcription to generate
Cy3-labeled cRNA. After amplification and labeling,
cRNA yield and specific activity were assessed using
Nanodrop ND-1000 (Nanodrop, Wilmington, DE). Only
samples with cRNA yields �1.65 �g and specific activi-
ties �9.0 pmol Cy3/�g cRNA were processed further.
Successfully amplified and labeled samples were frag-
mented at 60°C for 30 minutes and hybridized to Agi-
lent Human 4X44K Whole genome microarrays in a
rotating oven at 65°C for 17 hours. Microarray chips
were scanned with the Agilent DNA Microarray scan-
ner and quantified as described above for miRNA
chips. Raw data can be accessed via National Center
for Biotechnology Information Gene Expression Omni-

bus website (http://www.ncbi.nlm.nih.gov/geo/accession
number GSE18512, release date Dec 20, 2009).

mRNA Real-Time PCR

Total RNA from transfected cell cultures was isolated
using miRNeasy Mini kit (Qiaqen), and then reverse tran-
scribed to cDNA using TaqMan Reverse Transcription
Reagents (Applied Biosystems). 300 ng total RNA was
random primed and reverse transcribed on a thermal
cycler. CCND1 quantification was then performed using
CCND1 TaqMan Gene Expression Assay (Applied Bio-
systems) on an Eppendorf Realplex platform (Eppen-
dorf). The PCR mixture was incubated at 50°C for 2
minutes, 95°C for 10 minutes, followed by 40 cycles of
95°C for 15 s, 60°C for 60 s. �-actin was used as house-
keeping gene for normalization. The relative levels were
calculated using the ��Ct method.

Western Blotting

30 �g cell lysates were separated on 15% SDS-polyacryl-
amide gels, and then were transferred to PVDF mem-
brane (Millipore, Bedford, MA). The CCND1 antibody
used for blotting was purchased from BD Biosciences
(San Jose, CA), and gamma tubulin was purchased from
Sigma-Aldrich. Densitometry was performed using Quan-
tity One software (Bio-Rad, Mississauga, ON, Canada).

Vector Construction and Luciferase Assay

We generated pGL3-CCND1 by amplifying a 512 bp 3�
UTR fragment of CCND1 gene harboring the miR-193b
binding site predicted by the TargetScan (http://www.
targetscan.org/, accession date Oct 27, 09) and subse-
quently cloning it into the pGL3 control vector (Promega,
Madison, WI) at the XbaI site immediately downstream of
firefly luciferase. The primer sequences used for amplifi-
cation were (XbaI sites are in bold): sense 5�-GCTCTAG-
AGGAGGCTGCGTGCCAGTCAAGAAG-3� and antisense
5�-GCTCTAGACCTTGCACCCATGCCTGTCCAATC-3�.
pGL3-CCND1 was subsequently used as a template to
generate the control vector pGL3-CCND1 MM, which has
two mismatch mutations in the miR-193b seed complemen-
tary site. Overlapping PCR was used to introduce mu-
tations into the control vector. The following primers were
used for PCR amplification: sense 5�-GCAGAGGATG-
TTCATAAGGGCAGAATGATTTATAAATGCAATCTCC-3�
and antisense 5�-GGAGATTGCATTTATAAATCATTCTGC-
CCTTATGAACATCCTCTGC-3� (mismatch nucleotides are
in bold).

Malme-3M cells were seeded at 75,000 cells per well in
a 12-well plate the day before transfection. The cells were
cotransfected with 5 nmol/L miRNA precursor (either miR-
193b or negative control), 400 ng of firefly luciferase vector
(either pGL3-CCND1 or pGL3-CCND1 MM), and 50 ng of
Renilla luciferase vector (pRL-TK). Luciferase activity was
measured 24 hours after transfection using the Dual-Glo
Luciferase Assay System (Promega). The Renilla luciferase
activity served as internal control.
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Immunohistochemistry and Image Analysis

Immunohistochemistry was performed in the Department
of Pathology and Molecular Medicine at the Kingston
General Hospital using a standard protocol on tissue
microarray slides. Anti-Cyclin D1 antibody (NeoMarkers,
clone SP4) was used at a 1/100 dilution and incubated for
32 minutes at 37C. Stained slides were scanned on an
Aperio scanner (Vista, CA), and the percentage of
CCND1-positive nuclei in cell population was quantified
using immunohistochemistry Image Analysis software.

Statistical Analysis

In microRNA microarray study, unsupervised hierarchical
clustering was performed on log2 transformed data (sig-
nal values less 1 were reassigned to 1) with Cluster 3.0
using uncentered correlation metric and average linkage
methods.21 The results were visualized by Java Treeview
1.1.1 (http://jtreeview.sourceforge.net/, accession date
Oct 27, 09). To identify differentially expressed miRNAs,
significance analysis of microarray (SAM) was performed
on the array data without log transformation.22,23 miRNAs
were excluded after SAM analysis when the absolute
mean difference of their expression between melanomas

and nevi (numerator r ) was �15. The heatmap, present-
ing the log2-transformed fold changes of miRNAs, was
generated using Cluster 3.0 and Java Treeview as de-
scribed above. In gene expression microarray study, raw
data were normalized and analyzed using GeneSpring
GX 10.0.2 (Agilent). For quality control, probe sets were
filtered to include only genes that were described as
“Present” or “Marginal” by GeneSpring in all 4 samples,
and genes with raw signals �25.0 were removed from
subsequent analyses. P values were calculated for two
pair-wise comparisons between Malme-3M cells with or
without miR-193b overexpression using the paired t test.

In the bar graphs, data were analyzed by t test using
SPSS Statistics 17.0 (SPSS Inc., Chicago, IL). A P value
�0.05 was considered statistically significant.

Results

Distinct miRNA Signatures in Metastatic
Melanoma and Benign Nevus

Our initial studies examined the expression of 470 miRNAs
in FFPE samples from eight benign nevi and eight meta-
static melanomas using the Agilent miRNA microarray

Figure 1. Unsupervised hierarchical clustering of miRNA expression data
and heatmap of differentially expressed miRNAs. A: The dendrogram was
generated by comparing miRNA expression profiles of metastatic melanomas
(MEL) and benign nevi (NEVUS) using Cluster 3.0. Average linkage clustering
was performed using uncentered correlation metric and visualized by Java
Treeview. B: miRNAs were identified by SAM after comparing microarray
results between metastatic melanomas and benign nevi (false discovery rate
q � 0.001). The heatmap displays the log2 transformed fold changes. Red
indicates overexpression, and green indicates down-regulation.
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platform (version 1.5) to identify possible miRNA candi-
dates for functional studies. We used these two group-
ings because they represent two biologically and clini-
cally distinct melanocytic tissues. In our opinion, nevus is
the best surrogate for benign melanocytes, whereas met-
astatic melanoma, by virtue of the fact that it has spread,
is clearly malignant. The validity of using this method with
FFPE tissue samples was confirmed previously by us and
others.19,24 Data were analyzed by unsupervised hierar-
chical clustering, and the results were summarized in a
dendrogram (Figure 1A), which clearly shows that benign
nevi cluster separately from metastatic melanomas.

We compared the expression of miRNAs between met-
astatic melanomas and benign nevi, and identified differ-
entially expressed miRNAs by SAM. By using 1000 per-
mutations and selecting a false discovery rate q � 0.001,
we identified 31 differentially expressed miRNAs including
13 up-regulated and 18 down-regulated in metastatic mel-
anomas compared with benign nevi (Figure 1B). To provide
a technical validation, 5 significantly up-regulated miRNAs
and 10 significantly down-regulated miRNAs were quan-
tified in four metastatic melanoma samples and four be-
nign nevus samples by real-time PCR using the same
RNA samples isolated for the microarray studies. The
levels of miRNAs detected by real-time PCR agreed with
the microarray results (Figure 2). On average, the five
up-regulated miRNAs were expressed at a fourfold
higher level in metastatic melanomas than in nevi, and
the 10 down-regulated miRNAs, with the exception of

miR-214, were expressed on average at twofold lower
level in metastatic melanoma samples.

miR-193b Suppresses Melanoma Cell
Proliferation

In the SAM analysis,22 miR-193b had the largest relative
difference (score d � �6.9) among the down-regulated
miRNAs, and its expression was 3.4-fold lower in meta-
static melanomas compared with benign nevi. The down-
regulation of miR-193b was also confirmed by real-time
PCR (Figure 2). Its function in melanoma is unknown. To
investigate the functional roles of miR-193b, three meta-
static melanoma cell lines, Malme-3M, SKMEL-28, and
SKMEL-5 were transfected with miRNA precursors (either
miR-193b or negative control). Cell proliferation was mea-
sured using the BrdU incorporation assay (Roche). Over-
expression of miR-193b repressed cell proliferation in all
three melanoma cell lines (Figure 3A). Among them,
Malme-3M cells were the most responsive, showing a
nearly 60% reduction in proliferation after miR-193b over-
expression. Thus, additional functional studies on miR-
193b were conducted in Malme-3M cells.

To determine whether reduced cell proliferation was
apoptosis-independent, we performed Annexin V–FITC
staining to detect apoptosis. Annexin V–FITC data showed
that overexpression of miR-193b did not significantly alter
the fraction of necrotic or apoptotic Malme-3M cells (Figure
3B). Cell cycle analysis by PI staining was performed. Over-
expression of miR-193b increased the fraction of cells in the
G1 phase from 62% to 85% while decreasing the fraction of
cells in the S phase and G2 phase from 27% and 12% to
10% and 6%, respectively (Figure 3C). This result suggests
that miR-193b represses cell proliferation by arresting cells
in the G1 phase, without inducing cell death.

Gene Expression Profiling Reveals CCND1
as One of miR-193b Potential Targets

It is crucial to identify functionally important miRNA tar-
gets to understand how a specific miRNA functions. Re-
cent studies showed that mRNA destabilization is the
major component of the miRNA repression mechanism in
targets with robust protein reduction.9 Thus, we per-
formed gene expression analysis to globally screen for
miR-193b targets that may affect cell proliferation. By
comparing mRNA expression levels in Malme-3M cells
transfected with miRNA precursors (either miR-193b or
negative control) using the whole human genome mi-
croarray (Agilent), we identified 314 genes that were
down-regulated more than 1.5 fold (P � 0.05) by miR-
193b overexpression (see supplemental Table S1 at
http://ajp.amjpathol.org). Ingenuity pathways analysis
functional analysis was performed to examine the molecular
and cellular functions of those genes. Ingenuity pathways
analysis revealed that the most significantly enriched
gene ontology category among down-regulated genes
was cell cycle, indicating miR-193b, directly or indirectly,

Figure 2. Real-time PCR analysis of miRNAs in melanoma. Candidates were
selected from dysregulated miRNAs identified in the microarray study: up-
regulated miRNAs in metastatic melanomas (upper) and down-regulated
miRNAs in metastatic melanomas (lower). Their expression levels were
quantified by the TaqMan microRNA assays. RNU6B was used as an internal
control. Each sample was measured in triplicate. Data are the mean � SEM
of four tissue samples.
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regulates genes involved in cell cycle progression (Fig-
ure 4).

Interestingly, 18 of the genes down-regulated after
miR-193b overexpression were also the targets of miR-
193b predicted by TargetScan (Human 5.1, http://www.
targetscan.org/, accession date Oct 27, 09; Table 1). We
reasoned that genes predicted by TargetScan are more
likely to be the direct targets of miR-193b because they
contain the predicted evolutionary conserved miR-193b
seed binding sites. Of those 18 genes, CCND1 was of
particular interest. CCND1 plays an important role in reg-
ulating the G1/S transition during cell cycle progression.
This is consistent with the observation that overexpres-
sion of miR-193b inhibited cell growth and increased G1
cell cycle arrest, effects that could be mediated by re-
pression of CCND1.

miR-193b Suppresses Cell Proliferation
by Directly Down-Regulating CCND1

To validate CCND1 as a target of miR-193b, CCND1
mRNA and protein were quantified in Malme-3M cells
with or without overexpression of miR-193b. The results
showed that CCND1 mRNA and protein levels were ap-
proximately 50% lower in cells overexpressing miR-193b
than in control cells (Figures 5, A and B). It is predicted

Figure 3. Effect of miR-193b overexpression on proliferation and apo-
ptosis in melanoma cells. Malme-3M, SKMEL-28, and SKMEL-5 cells were
transfected with miRNA precursors (either miR-193b or negative control)
for 72 hours. A: Transfected cells, incubated with BrdU, were seeded at
3500 cells per well into 96-well black plate. After 24 hours, cell prolifer-
ation rate was assessed using the cell proliferation ELISA. The data are
mean � SEM from three independent experiments, each performed in
octuplicate. B: Cells were fixed, stained with Annexin V FITC and PI, and
analyzed by flow cytometry. Necrotic cells in D1, necrotic and late
apoptotic cells in D2, viable cells in D3, and early apoptotic cells in D4.
As a positive control, Malme-3M cells were treated with Mcl-1 DsiRNA and
ABT-737 as described previously.20 Graphs show representative results
from one of three independent experiments. C: Malme-3M cells were
fixed and treated with RNase. After PI staining, cells were analyzed by
flow cytometry. Data are the mean of four independent experiments,
presented as mean � SEM. ***P � 0.001 was calculated using G1 popu-
lation by independent samples t test.

Figure 4. Ingenuity pathways analysis. Core analysis was performed on 314
genes down-regulated in Malme-3M cells after overexpressing miR-193b.
Molecular and cellular functions associated with down-regulated genes were
determined and analyzed by Fisher exact test. The threshold P value was
0.05. These data were generated through the use of Ingenuity Pathways
Analysis online (Ingenuity Systems, Redwood City, CA).

miR-193b in Melanoma 2525
AJP May 2010, Vol. 176, No. 5



that lower expression of CCND1 will inhibit cell prolifera-
tion. We examined this prediction by knocking down
CCND1 expression in Malme-3M cells using siRNA and
measuring cell proliferation and cell cycle progression
(Figure 6, A–C). The results confirmed that CCND1
knockdown inhibits cell proliferation and causes G1
phase arrest in Malme-3M cells (Figure 6, B and C).
Therefore, CCND1 may be an important miR-193b target
gene and may play a direct role in mediating the effects
of miR-193b overexpression on proliferation of melanoma
cells.

As mentioned above, TargetScan identified an evolu-
tionarily conserved binding site for miR-193b in the 3�
UTR of CCND1. To investigate whether miR-193b directly
binds to the predicted binding site, we cloned a 512-bp
fragment of the CCND1 3� UTR harboring the potential
binding site into a pGL3 control plasmid and downstream
of a luciferase reporter gene (Figure 7A). Similar se-
quence containing two mismatch mutations at the con-
served miRNA seed binding site was cloned into the
luciferase reporter plasmid (Figure 7A). These luciferase
reporter constructs were cotransfected with miRNA pre-
cursors (either miR-193b or negative control). The results
showed that activity of the luciferase reporter gene car-
rying the wild-type CCND1 3� UTR on average was 30%
lower in cells overexpressing miR-193b, while no repres-
sion of luciferase activity was observed in the reporter
construct carrying the mutant CCND1 3� UTR (Figure 7B).
These results indicate miR-193b can repress CCND1
expression by directly binding to a specific 3� UTR site of
CCND1.

CCND1 Level Is Elevated in Melanoma

CCND1 has been reported as a potential oncogene in
melanoma.25 To confirm that our melanoma samples
demonstrated increased CCND1 levels as previously de-
scribed,25 we created a tissue microarray that included
our benign nevi and melanoma tumors. Immunohisto-
chemistry was performed using a rabbit monoclonal an-
tibody directed against CCND1. Image analysis con-
firmed that the average cell population with CCND1
positively stained nuclei increased from 9.5% in nevi to
37.9% in melanomas (see supplemental Figure S2 at
http://ajp.amjpathol.org).

Discussion

This study analyzed expression of 470 miRNAs in eight
benign nevi and eight metastatic melanomas, and iden-
tified 31 differentially expressed miRNAs, which may con-
tribute to melanoma development. Furthermore, a poten-
tially important role in melanoma progression was
identified for miR-193b. miR-193b overexpression corre-
lated with decreased expression of �300 genes in
Malme-3M cells, a number of which are involved in cell
cycle progression, including CCND1, E2F1, cyclin A2,
and cell division cycle 2 (CDC2; see supplemental Table
S1 at http://ajp.amjpathol.org). In this study, we focused
on a well-known cell cycle regulatory gene, CCND1, and
validated it as a direct target of miR-193b. Although we
did not explore the potential role of all of other putative
targets on cell cycle progression, we acknowledge that
many of them may be important targets to validate. A
previous study reported that expression of miR-193b was

Figure 5. miR-193b represses CCND1 expression. Malme-3M cells were
transfected with miRNA precursors (either miR-193b or negative control) for
72 hours. A: Real-time PCR was used to quantify CCND1 mRNA; �-actin was
used as the internal control. Data are mean � SEM of three independent
experiments, each performed in triplicate. B: CCND1 protein was quantified
by Western blotting. Gamma tubulin was used as the loading control. Rep-
resentative data from one of three independent experiments are shown.

Table 1. Genes Down-regulated by miR-193b That Are
Predicted by TargetScan

Down-regulated genes
Fold

change

Homo sapiens
Abl interactor 2 (ABI2) 3
Adenylate cyclase 9 (ADCY9) 1.94
Rho GTPase activating protein 19 (ARHGAP19) 2.38
Atonal homolog 8 (Drosophila) (ATOH8) 1.54
Cyclin D1 (CCND1) 2.02
Calsyntenin 1 (CLSTN1) 1.81
CCR4-NOT transcription complex, subunit 6

(CNOT6)
2.17

E2F transcription factor 6 (E2F6) 1.54
v-Ki-ras2 Kirsten rat sarcoma viral oncogene

homolog (KRAS)
2.63

Leucine rich repeat containing 8 family,
member A (LRRC8A)

1.77

Myeloid cell leukemia sequence 1
(BCL2-related) (MCL1)

1.64

RNA binding motif protein 8A (RBM8A) 1.72
Remodeling and spacing factor 1 (RSF1) 1.67
Selenoprotein N, 1 (SEPN1) 2.05
Stathmin 1/oncoprotein 18 (STMN1) 4.47
Tumor necrosis factor receptor superfamily,

member 21 (TNFRSF21)
2.16

WD repeat domain 68 (WDR68) 2.89
Zinc finger protein 365 (ZNF365) 1.74

Gene expression microarray analysis was performed on Malme-3M
cells 24 hours post-transfection with miR-193b.
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lower in endometrioid adenocarcinoma cells than in ad-
jacent normal endometrium.26 More recently, miR-193b
was found to repress the expression of estrogen recep-
tor-� and urokinase-type plasminogen activator in breast
cancer cell lines.27,28 This study reports for the first time
that miR-193b overexpression reduces cell proliferation
in melanoma cell lines and suggests that miR-193b may
regulate cell cycle progression by down-regulating ex-
pression of CCND1 protein. Although we believe G1 ar-
rest is the most likely explanation for the increased pro-
portion of cells in G1/G0 after miR-193b overexpression,
we cannot rule out other possibilities, such as a length-
ening of G1 phase or the movement of cells into G0 or
along differentiation pathways.

CCND1 plays a key role in controlling the cell cycle
progression.29 CCND1 binds and activates CDK4/6,

which subsequently phosphorylates tumor suppressor
protein Rb and allows the cell cycle to progress through
G1 into S. In normal cells, the expression of CCND1 is
induced by extracellular growth factors. Overexpression
of CCND1 has been found in a variety of human malig-
nancies, including parathyroid adenoma, breast cancer,
colon cancer, lymphoma, lung cancer, melanoma, and
prostate cancer.29 Although gene amplification is ob-
served in a subset of melanomas, tumors with normal
CCND1 gene copy number can also express an elevated
level of CCND1.25,30 CCND1 protein levels were also
higher in the metastatic melanoma samples compared
with benign nevi in our study (see supplemental Figure
S2 at http://ajp.amjpathol.org). Therefore, transcriptional
or translational mechanisms, possibly involving onco-
gene induction, may increase expression of CCND1 in
melanoma cells that lack CCND1 amplification. For ex-
ample, the mitogen-activated protein kinase pathway in-
duces CCND1 expression and is often hyperactivated in
melanoma.31 Mitogen-activated protein kinase pathway
activation may result from Braf mutations, which are asso-
ciated with 50% to 70% of melanoma cases.4 Interestingly,
more than 80% of benign nevi, which rarely progress to
melanoma, also harbor Braf mutations.32 It is hypothe-
sized that these melanocytes fail to proliferate and
progress because of oncogene-induced cell senescence
and that additional mutations are needed for complete

Figure 6. CCND1 knockdown suppresses cell proliferation. Malme-3M cells
were transfected with either CCND1 siRNA or negative control (Neg Ctrl)
siRNA for 72 hours. A: CCND1 protein was quantified by Western blotting.
Gamma tubulin was used as the loading control. Representative data from
one of three independent experiments are shown. B: Cell proliferation was
measured as described in the legend to Figure 3A. The data are mean � SEM
from three independent experiments, each performed in octuplicate. C: Cell
cycle progression was analyzed as described in the legend to Figure 3C.
**P � 0.004 was calculated using G1 population by independent samples
t test.

Figure 7. CCND1 is a direct target of miR-193b. A: Luciferase reporter
vectors. A fragment of the CCND1 3� UTR harboring the predicted binding
site of miR-193b was cloned into a pGL3 control plasmid, downstream of a
firefly luciferase reporter gene (pGL3-CCND1). The control vector (pGL3-
CCND1 MM) included two mismatch mutations at the conserved binding site.
The underlined 6-nucleotide indicates miR-193b seed sequence. Mismatch
mutations are in bold and italic. B: Cells were cotransfected with 5 nmol/L
miRNA precursors (either miR-193b or negative control), 400 ng firefly
luciferase report plasmids (either pGL3-CCND1 or pGL3-CCND1 MM), and 50
ng renilla plasmids (pRL-TK). Cells were harvested 24 hours after transfec-
tion. Protein extracts were prepared and assayed for firefly and renilla
luciferase activity. Firefly luciferase activity was normalized to renilla lucif-
erase activity. Data are shown as the mean � SEM of three replicates and are
representative of three independent experiments. *P � 0.013 was calculated
using independent samples t test.
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cellular transformation.4 The results presented in this
study suggest that miR193b is down-regulated several-
fold in melanoma cells and that miR-193b represses ex-
pression of CCND1. Thus, down-regulation of miR-193b
in metastatic melanomas but not in benign nevi may
contribute to melanoma progression.

In addition, many of the dysregulated miRNAs identi-
fied in our study are dysregulated in other cancers, and
several of the miRNAs that were up-regulated in our
melanoma samples have oncogenic properties. For ex-
ample, the most significantly up-regulated miRNAs in
metastatic melanomas is miR-21. Since first reported as
an antiapoptotic factor in human glioblastoma cells,33

miR-21 has been shown to repress a number of tumor
suppressors, including phosphatase and tensin homolog
(PTEN) in human hepatocellular cancer cells,34 tromopyo-
sin 1 (TPM1) and programmed cell death 4(PDCD4) in
breast cancer cells,35–37 as well as reversion-inducing cys-
teine rich protein with Kazal motifs (RECK) and tissue inhib-
itor of matrix metalloproteinase 3 (TIMP3) in glioma cells.38

Members of miR-17-92 cluster (miR17-5p and miR-18a)
and its paralog miR-106-25 cluster (miR-106b and miR-93)
were also found up-regulated in melanoma samples exam-
ined in this study. A large body of evidence suggests that
the miR-17-92 cluster and its paralogs act as oncogenes by
regulating apoptosis and cell proliferation.39 Targets of
these miRNAs include transcription factor E2Fs, cyclin-de-
pendent kinase inhibitor CDKN1A, and proapoptotic protein
BIM.39 However, there is one exception. miR-16 is a well-
known tumor suppressor that targets oncogenes like Bcl-
240 and is up-regulated in our melanoma samples. This is
consistent with the fact that Bcl-2 was reported to be down-
regulated in metastatic melanoma.41

Several of the miRNAs reported in this study to be
down-regulated in melanomas act as tumor suppres-
sors. For instance, members of the miR-200 family
(miR-200b, miR-200c, and miR-141) and miR-205,
down-regulated in melanomas in this study, were re-
ported to be down-regulated in cells that had under-
gone epithelial to mesenchymal transition.42 These
miRNAs regulate expression of E-cadherin transcrip-
tional repressors, and E-cadherin is down-regulated dur-
ing melanoma progression.43 Let-7a and let-7b are
among miRNAs down-regulated in melanomas in this
study. Previous studies revealed that Let-7 family miR-
NAs function as tumor suppressors by targeting RAS.44

More recently, let-7b was found to target cyclins and
cyclin-dependent kinase 4 (CDK4) in melanoma cells.16

In summary, this study characterizes distinct miRNA
expression patterns in benign nevi and melanoma me-
tastases. More importantly, the functional studies sug-
gest that miR-193b may repress melanoma cell prolifer-
ation and regulate CCND1. These results may help
explain the abnormal expression of CCND1 protein in
melanoma. We have begun to examine miR-193b levels
in an independent set of metastatic melanomas to pro-
vide a biological validation of our observation in this
study. Further study of miR-193b in primary melanomas is
necessary to understand whether down-regulation of
miR-193b is an early event in melanoma progression.
Because miR-193b appears to have antiproliferative ef-

fects in melanoma cells, it may have potential as a novel
therapeutic agent for melanoma treatment.
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