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MicroRNAs (miRNAs) regulate gene expression by repressing
translation or directing sequence-specific degradation of com-
plementary mRNA. Here, we report that expression of miR-205
is significantly suppressed in melanoma specimens when com-
pared with nevi and is correlated inversely with melanoma pro-
gression. miRNA target databases predicted E2F1 and E2F5 as
putative targets. The expression levels of E2F1 and E2F5 were
correlated inversely with that of miR-205 in melanoma cell
lines. miR-205 significantly suppressed the luciferase activity of
reporter plasmids containing the 3'-UTR sequences comple-
mentary to either E2F1 or E2F5. Overexpression of miR-205 in
melanoma cells reduced E2F1 and E2F5 protein levels. The pro-
liferative capacity of melanoma cells was suppressed by miR-205
and mediated by E2F-regulated AKT phosphorylation. miR-205
overexpression resulted in induction of apoptosis, as evidenced
by increased cleaved caspase-3, poly-(ADP-ribose) polymerase,
and cytochrome c release. Stable overexpression of miR-205
suppressed melanoma cell proliferation, colony formation, and
tumor cell growth in vivo and induced a senescence phenotype
accompanied by elevated expression of pl6INK4A and other
markers for senescence. E2F1 overexpression in miR-205-ex-
pressing cells partially reversed the effects on melanoma cell
growth and senescence. These results demonstrate a novel role
for miR-205 as a tumor suppressor in melanoma.

MicroRNAs (miRNAs)? are a class of short noncoding RNAs
that regulate gene expression by complementary base pairing
with the 3'-UTR of target mRNAs and causing their degrada-
tion (1) or by directly mediating mRNA degradation (2). In
addition, miRNAs can also inhibit translation in the event of
imperfect base pair matching with the target. miRNAs are
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expressed in a tissue-specific manner and are considered to play
important roles in cell proliferation, apoptosis, and differentia-
tion (3, 4).

Deregulation of miRNA expression has been identified in a
number of cancers (5, 6), and accumulating data indicate that
some miRNAs can function as tumor suppressors or oncogenes
and as such are important in cancer development. Specific sub-
sets of miRNAs also have been shown to be dysregulated in
various solid tumors (7, 8). The discovery of miRNAs at previ-
ously identified chromosomal breakpoints, as well as deletion
and amplification sites in certain cancers, implies that they may
be involved in disease initiation or progression.

The human genome is predicted to encode as many as 1000
miRNAs (9). Although it is difficult to identify accurately indi-
vidual miRNA-target interactions, computational predictions
of miRNA target genes indicate that as many as one-third of all
human protein-encoding genes may be regulated by miRNAs
(10). Due to their tremendous regulatory potential and tissue-
and disease-specific expression patterns, there is increasing evi-
dence that miRNA expression profiles could be indicative of
disease risk or burden. Thus, miRNAs are being assessed as
possible biomarkers to aid in the diagnosis and prognosis of
different cancers, including melanoma (11, 12). However, to
date, very few miRNA expression profiling analyses have been
performed on human melanoma samples.

E2F1, the best characterized member of the E2F family, is a
master regulator of the G,/S transition phase in the cell cycle
that is tightly regulated by the retinoblastoma protein (Rb).
E2F1 transactivates a variety of genes involved in chromosomal
DNA replication and cell cycle progression (13). Overexpres-
sion of E2F1 is an oncogenic event that predisposes cells to
transformation (14). E2F1 gene amplification and/or abnor-
malities in its expression have been reported in various tumor
types, including melanoma (15, 16). E2F5, another E2F family
member, is an oncogenic cell cycle regulator demonstrated to
be amplified or overexpressed in various tumors (17, 18).

In this study, we report that miR-205 is significantly down-
regulated in melanoma tumor samples and cell lines. In addi-
tion, we examine the consequences of miR-205 overexpression
and identify E2F1 and E2F5 as downstream targets of miR-205
action in melanoma.

MATERIALS AND METHODS
Cell Culture, Plasmids, and Transfection—The WM3211,

DO4, WM278, and 1205-Lu (kindly provided by Dr. Boris Bas-
tian) and Lox (kindly provided by Dr. Oystein Fodstad) mela-
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noma cell lines were grown in RPMI with 10% fetal bovine
serum. C8161.9 cells (obtained from Dr. Danny Welch) were
grown in DMEM/F12 with 5% fetal bovine serum (Invitro-
gen) at 37 °C in an atmosphere containing 5% CO,. Normal
human melanocytes were purchased from Lifeline Cell
Technology and grown in LL-0027 medium (Lifeline Cell
Technology, Walkersville, MD). Plasmids pMax-GFP
(Lonza, Walkersville, MD), pMax-E2F1 (Addgene, Cam-
bridge, MA), miRNASelect™ pEP-miR null control vector
(pEP Null), and miRNASelect™ pEP-hsa-mir-205 expression
vector (pEP miR-205) (Cell Biolabs, Inc., San Diego, CA) were
purchased. TagMan probes for hsa-miR-205 and negative con-
trol pre-miR were purchased from Applied Biosystems (Foster
City, CA). Transient transfection was carried out by Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
protocol.

Quantitative Real-time PCR—Mature miRNAs and other
mRNAs were assayed using the TagMan MicroRNA Assays
and Gene Expression Assays, respectively, in accordance with
the manufacturer’s instructions (Applied Biosystems). All RT
reactions, including no-template controls and RT minus con-
trols, were run in a 7500 Fast Real-time PCR System (Applied
Biosystems). RNA concentrations were determined with a
NanoDrop (Thermo Scientific, Rockford, IL). Samples were
normalized to RNU48 or HPRT (Applied Biosystems), as indi-
cated. Gene expression levels were quantified using 7500 Fast
Real-time Sequence detection system Software. Comparative
real-time PCR was performed in triplicate, including no-tem-
plate controls. Relative expression was calculated using the
comparative Ct method.

RNA and miRNA Extraction from Tissue Samples and Cell
Lines—Samples from patients with primary (n = 20), meta-
static melanoma (n = 27), and benign nevi (n = 20) were
obtained under a protocol approved by the Institutional Review
Board. 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
(Applied Biosystems) 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 3 X 10? cells
per well. Cell viability was assessed at 24, 48, 72, and 96 h post-
transfection using Cell Counting Kit-8 (Dojindo, Rockville,
MD) following the manufacturer’s protocol. For the colony for-
mation assay, 500 cells were plated in a p100 plate and allowed
to grow until visible colonies appeared. Colonies were stained
with Giemsa and counted. Cell cycle analysis was performed as
described previously (19).

Western Blot Analysis—Cell lysates were prepared in PBS
containing 1X Halt protease inhibitor mixture and 1X Halt
phosphatase inhibitor mixture (Pierce) centrifuged at 3500 rpm
for 10 min at 4 °C. Proteins (10-15 ug) from each sample were
subjected to SDS-PAGE and transferred onto a nitrocellulose
membrane. Target proteins were detected by using specific
antibodies against E2F5, PARP, p16™"*, and GAPDH (Santa
Cruz Biotechnology, Santa Cruz, CA), E2F1, AKT, pAKT (Ser-
473), pRB (Ser-807/811), MCM3, caspase-9, BAD, pBAD,
PCNA, cytochrome ¢, and cleaved caspase-3 (Cell Signaling
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Technology, Danvers, MA) and p-caspase-9 (Abcam, Cam-
bridge MA).

Luciferase Assays—The 3'-UTR region of E2F1 and E2F5
containing target site sequences complementary to the seed
sequence of miR-205 were cloned downstream of the luciferase
gene in the pMIR-REPORT luciferase vector (Ambion, Cam-
bridge, MA), and the resultant vectors were named E2F1-3’-
UTR and E2F5-3'-UTR. Mutated 3'-UTR sequences of E2F1
and E2F5 complementary to miR-205 were cloned in the same
vector, and the resultant vectors were named E2F1-Mut
3’-UTR and E2F5-Mut 3'-UTR, respectively. For reporter
assays, cells were transiently transfected with wild-type or
mutant reporter plasmid and miR-205. Firefly luciferase activ-
ities were measured by using the Dual-Luciferase Assay (Pro-
mega, Madison, WI) 48 h after transfection, and the results
were normalized with Renilla luciferase. Each reporter plasmid
was transfected at least three times (on different days), and each
sample was assayed in triplicate.

Stable Cell Generation and in Vivo Study—C8161.9 cells
were transfected with pEP Null and pEP miR-205 vectors (Cell
Biolabs, San Diego, CA) and selected with puromycin (1
wg/ml). For in vivo studies as described previously (20), 1 X 10°
cells were injected into nude mice subcutaneously, and tumor
growth was followed for 28 days. All animal care was in accord-
ance with the institutional guidelines.

SA-B-gal Staining—Staining for senescence-associated 3-ga-
lactosidase (SA-B-gal) was performed using the Senescence
Cell Histochemical Staining Kit from Sigma as per the manu-
facturer’s protocol. In brief, cells were fixed with formalin,
washed with PBS, and incubated at 37° C with staining mixture
until the cells were stained blue. The percentage of SA-[3-gal-
positive cells was determined by counting the number of
stained cells with bright field illumination.

Statistical Analysis—All quantified data represent an average
of at least triplicate samples or as indicated. Error bars repre-
sent S.E. Statistical significance was determined by the Stu-
dent’s ¢ test, and two-tailed p values <0.05 were considered
significant.

RESULTS

miR-205 Is Down-regulated in Melanoma, and Its Expression
Is Inversely Correlated with That of E2F1 and E2F5—To deter-
mine the expression pattern of miRNAs in melanoma, we per-
formed a miRNA microarray on a small number of nevi, pri-
mary, and metastatic tumor samples (# = 5 per group) using the
Agilent platform. In this analysis, miR-205 emerged as the
miRNA with the highest degree of down-regulation in mela-
noma metastases (data not shown), and its expression showed a
significant decline from nevus to primary to metastatic tumor
samples (mean values of 8.2, 6.8, and 0.8 for nevus, primary, and
metastatic samples, respectively). We aimed to validate the
microarray data by miRNA quantitative RT-PCR (miR qRT-
PCR) analysis on an independent cohort of nevus and mela-
noma tissues. miR qRT-PCR of nevus (n = 20), primary (n =
20), and metastatic (n = 27) samples indicated that miR-205
expression is down-regulated significantly in primary and met-
astatic samples when compared with nevi (Fig. 14). A similar
pattern of reduced expression from primary to metastatic
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FIGURE 1. miR-205 expression is down-regulated in melanoma and is inversely correlated with expression of E2F1 and E2F5. A, miRNA quantitative
RT-PCR analysis of miR-205 expression level in a cohort of nevus and melanoma tissues. B, miR-205 expression in a panel of human melanoma cells and normal
melanocytes (Mela). C, the miR-205 seed sequence is complementary to the 3'-UTR of E2F1 and E2F5 and is conserved in six different species. D and E, E2F1 and
E2F5 expression at the mRNA and protein levels in different human melanoma cell lines and normal melanocytes. *, p < 0.05.

tumor samples was observed. Overall, this analysis demon-
strated the utility of miR-205 as a tumor progression marker in
melanoma. We then determined the expression levels of miR-
205 in a panel of human melanoma cell lines and normal mela-
nocytes. Our results indicate a significant down-regulation in
expression of miR-205 in melanoma cells as compared with
normal melanocytes (Fig. 1B), thereby suggesting a potential
tumor suppressor role for miR-205 in melanoma. To identify
the effectors of miR-205, we used different algorithms that pre-
dict the mRNA targets of a miRNA: miRanda (21), microRNA
target predictions (22), TargetScan (10), and PicTar (23).
Among the list of potential targets of miR-205 were the mRNAs
encoding E2F1 and E2F5. The seed sequence of miR-205 was
complementary to the 3’-UTR of these genes and was con-
served highly among six different species (Fig. 1C). To investi-
gate the correlation between expression of miR-205 and that of
E2F1 and E2F5, we determined expression of E2F1 and E2F5 at
the mRNA and protein levels in the same panel of cell lines. The
expression levels of E2F1 and E2F5 mRNA and protein were
higher when compared with the normal melanocyte line (Fig. 1,
D and E), although the absolute level of expression varied
among different melanoma cell lines. These data demonstrated
an inverse correlation between the expression of miR-205 and
that of E2F1 and E2F5 in melanoma, supporting a potential role
for E2F1 and E2F5 as targets of miR-205.

3'-UTR of E2F1 and E2F5 Are Direct Targets of miR-205—
Next, we investigated whether the 3'-UTR of E2F1 and E2F5 are
functional targets of miR-205. We cloned the 3'-UTR of E2F1
and E2F5 harboring the complementary sequence to the miR-
205 seed sequence in a reporter plasmid vector. In a parallel
experiment, the 3'-UTR of E2F1 and E2F5 complementary to
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the miR-205 seed sequence was mutated and cloned in the same
reporter plasmid (Fig. 24). Transient transfection of human
C8161.9 melanoma cells with the E2F1-3'-UTR or E2F5-3'-
UTR construct along with miR-205 led to a significant decrease
in reporter expression when compared with the control vector
(Fig. 2, B and C). The luciferase activity of the reporter vector
containing a mutated 3'-UTR of E2F1 or E2F5 was unaffected
by a simultaneous transfection with miR-205 (Fig. 2, B and C).
These results indicated that the conserved nucleotides in the
3’-UTR of E2F1 and E2F5 were responsible for miR-205 target-
ing in vitro. Taken together, these results demonstrate E2F1
and E2F5 as targets of miR-205 action in melanoma. Transient
transfection of miR-205 had no significant effect on E2F1 and
E2F5 mRNA levels (Fig. 2, D and E).

miR-205 Suppresses E2F1 and E2F5 and Negatively Regulates
the AKT Pathway in Melanoma Cell Lines—W e then sought to
determine whether the overexpression of miR-205 in mela-
noma cell lines can regulate E2F1 and E2F5 protein levels and
alter downstream signaling events. C8161.9 cells were trans-
fected with miR-205, resulting in miR-205 overexpression as
determined by miR qRT-PCR analysis (Fig. 34). Western blot
analysis confirmed the down-regulation of E2F1 and E2F5 at
the protein level following miR-205 overexpression (Fig. 3B).
These results support the notion that miR-205 binds to the
3’-UTR of these genes and regulates their expression at the
protein level. Expression of E2F3, another putative target of
miR-205, was unaffected by miR-205 overexpression (data not
shown). As E2F1 is reported to be the most abundant E2F family
member in melanoma (24), we further analyzed its role in the
response to miR-205 overexpression. E2F1 has been reported to
activate the AKT pathway and transduce a proliferative signal
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FIGURE 2. E2F1 and E2F5 3’-UTRs are targets of miR-205. A, the 3’-UTR of E2F1 or E2F5 and mutant 3’-UTR sequences that abolished binding. B and C,
luciferase assay showing decreases in reporter activity after co-transfection of either E2F1-3'-UTR or E2F5-3’-UTR with miR-205 in C8161.9 cells. The mutant
UTRs of either E2F1 or E2F5 had no effect on reporter activity. D and E, relative mRNA expression levels of E2F1 and E2F5 after transfection with miR-205 or
negative control pre-miR. Each experiment was performed in triplicate. *, p < 0.05. Cont.miR, negative control pre-miR.
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FIGURE 3. miR-205 suppresses E2F1 and E2F5 expression at the protein level and regulates the AKT pathway. A, relative miR-205 expression level in
C8161.9 cells after transfection with miR-205 as determined by miR gRT-PCR. B, Western blot analysis showing decreases in the phosphorylation levels of AKT,
BAD, and caspase-9in C8161.9 cells after miR-205 transfection. C, Western blot analysis showing up-regulation in the phosphorylation levels of AKT, BAD, and
caspase-9 after E2F1 overexpression in C8161.9 cells. Cont.miR, negative control pre-miR.

(25). To determine whether the AKT pathway is affected by
miR-205-mediated suppression of E2F1, C8161.9 cells were
transfected with miR-205 or negative control pre-miR. West-
ern blot analysis showed reduced levels of phosphorylated AKT
(Ser-473) (Fig. 3B) in cells with suppressed E2F1 expression
following miR-205 overexpression. AKT plays an important
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role in cell proliferation and is known to inhibit apoptosis by
phosphorylating and inactivating apoptotic factors such as
BAD and caspase-9 (26). As shown in Fig. 38, BAD phosphor-
ylation at Ser-136 and caspase-9 phosphorylation at Ser-196 are
decreased significantly in miR-205-overexpressing cells in
which both E2F1 protein levels and AKT phosphorylation are
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markedly reduced. We next overexpressed E2F1 in melanoma
cell lines to determine whether its overexpression restores
the down-regulation of phosphorylated AKT. Overexpres-
sion of E2F1 rescued miR-205-induced down-regulation of
AKT, BAD, and caspase-9 (Fig. 3C). These data indicate that
miR-205 targets E2F1, which in turn results in suppression of
the AKT pathway and activation of a proapoptotic signaling
cascade.

miR-205 Inhibits Melanoma Cell Proliferation and Colony
Formation—To determine whether activation of the proapo-
ptotic cascade induced by miR-205 overexpression affects cell
proliferation, melanoma cells were transfected transiently with
miR-205. A significant decrease in cell proliferation was
observed over time in C8161.9 cells expressing miR-205 (Fig.
4A) as compared with cells expressing negative control pre-
miR. We further examined the effects of miR-205 on melanoma
cell viability using a colony formation assay. The miR-205-
transfected C8161.9 cells showed low colony formation ability,
as both the size and number of foci in miR-205-expressing cells
were suppressed when compared with negative control pre-
miR expressing cells (Fig. 48). These results indicate that sup-
pression of the AKT pathway mediated by miR-205 is accom-
panied by reduced melanoma cell proliferation and survival.

E2F1 Suppression by miR-205 Induces Apoptosis in Mela-
noma Cell Lines—To determine whether miR-205 overexpres-
sion causes apoptosis, melanoma cells were transfected with
miR-205 or negative control pre-miR. As shown in Fig. 4C, a
significant increase in the sub-G; phase was observed in
C8161.9 cells transfected with miR-205 after 72 h, suggesting
activation of apoptosis upon miR-205 overexpression. We also
observed cell cycle arrest at the G,-M phase in miR-205-trans-
fected cells (Fig. 4C). These results are supported by our obser-
vation of activation of BAD and caspase-9 following down-reg-
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ulation of E2F1 by miR-205. Activation of BAD has been shown
to initiate apoptosis by causing cytochrome c release into the
cytoplasm after binding to Bcl-x; and Bcl-2 (27). Accordingly,
cytochrome ¢ expression was up-regulated in C8161.9 cells
expressing miR-205 when compared with negative control pre-
miR-expressing cells, accompanied by significant cleavage of
procaspase-3. Finally, there was an increased proportion of
cleaved PARP in relation to caspase-3 cleavage, indicating that
the observed miR-205-induced apoptosis is also dependent on
caspase-3 (Fig. 4D). Taken together, these data strongly suggest
that E2F1-mediated suppression of AKT by miR-205 plays an
important role in inducing melanoma cell apoptosis.

To confirm the effect of miR-205 on melanoma cell prolifer-
ation and apoptosis, miR-205 was transfected into Lox human
melanoma cells. As shown in supplemental Fig. 1, A-C, a sig-
nificant decrease in cell proliferation and colony formation,
along with an increase in the apoptotic index, was observed in
Lox cells transfected with miR-205. These results confirm the
phenotypic effects of miR-205 overexpression in human mela-
noma cells.

Stable Overexpression of miR-205 Inhibits Cell Survival, Col-
ony Formation, and in Vivo Tumor Cell Growth—Next, we
examined the effects of stable expression of miR-205 in mela-
noma. C8161.9 cells stably expressing miR-205 were generated,
and overexpression of miR-205 was confirmed by miR qRT-
PCR analysis (Fig. 54). C8161.9 cells expressing miR-205 exhib-
ited a significant suppression in cell proliferation as compared
with control vector-expressing cells (Fig. 5B). We observed a
marked reduction in the expression of E2F1 and in AKT phos-
phorylation (Fig. 5C), as was observed with transient transfec-
tion of miR-205. A significant decrease in the colony formation
capability of miR-205-overexpressing cells was observed as
compared with control vector-expressing cells (Fig. 5D). Stable
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overexpression of miR-205 dramatically suppressed tumor
growth in vivo upon subcutaneous injection into nude mice
when compared with cells expressing control vector (Fig. 5E).
E2F1 and E2F5 were suppressed at the protein level in miR-205-
overexpressing tumors when compared with control tumors
(Fig. 5E).

miR-205 Overexpression Induces Senescence—An unex-
pected phenotypic change, namely cell enlargement and vacu-
olization, observed in miR-205-expressing C8161.9 cells,
prompted us to explore the possibility that overexpression of
miR-205 can effectively activate senescence pathways. As
shown in Fig. 6, A and B, miR-205-expressing C8161.9 cells
exhibited significantly increased staining for SA-B-gal activity
when compared with control vector-expressing cells. Thus,
52% of C8161.9 cells stably expressing miR-205 expressed
this senescence marker, when compared with 8% of control
vector-expressing cells. Overexpression of miR-205 also
induced a marked increase in expression of p16™*** and
trimethyl-histone H3 (Lys-9), suggesting activation of both
classical senescence as well as alternate pathways that
involve heterochromatin-associated histone modification
(Fig. 6B). Hypophosphorylation of Rb (Ser-807/811) and
down-regulation of key downstream targets of E2F1, MCM3
and PCNA, further reinforces the activation of Rb-mediated
senescence (28) upon overexpressing miR-205 in this mela-
noma cell line (Fig. 6B).
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E2F1 Overexpression Rescues Phenotypes Induced by miR-205—
Overexpression of E2F1 in C8161.9 cells stably expressing miR-
205 resulted in significantly increased cell proliferation and
colony formation (Fig. 6, C and D), indicating reversal of the
inhibitory effects of miR-205 on melanoma cell growth. E2F1
overexpression also resulted in reversion of the senescence
induced by miR-205 in melanoma cells (Fig. 6E).

DISCUSSION

As miRNAs modulate gene expression, it is not surprising
that they have been implicated in regulating a wide variety of
biological processes. Various studies have characterized the
modulation of miRNA expression in cancers and identified a
number of miRNAs that are up- or down-regulated in
tumors (29, 30). An increasing number of oncogenes or
tumor suppressor genes have now been identified as targets
of aberrantly expressed miRNAs (31, 32). For example,
miR-21 has been shown to be involved in invasion and
metastasis in many cancer types by its action on numerous
genes involved in extracellular matrix modification (33). In
addition, the miR-200 family, along with miR-205, has been
shown to regulate epithelial to mesenchymal transition, a
key process for initiating metastasis (34).

Despite these advances, little is known about the repertoire
and function of miRNAs in melanoma, and few targets of
miRNAs in melanoma have been identified. A handful of stud-
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FIGURE 6. miR-205 overexpression induces senescence that is reversed by E2F1. A, senescence associated-f-galactosidase activity was increased signifi-
cantly in cells overexpressing miR-205 as compared with cells expressing control vector. The bar graph shows quantification of stained cells. *, p < 0.05.
B, Western blot analysis showing up-regulation in p16™*2, down-regulation in Rb phosphorylation (Ser-807/811), MCM3 and PCNA in miR-205-expressing
cells. *, p < 0.05. C, E2F1 overexpression in miR-205-expressing cells significantly increased cell proliferation. Western blot showing expression of E2F1 in
miR-205-expressing cells. D, colony formation assay of melanoma cells expressing miR-205 following transfection with plasmid encoding vector only or vector
expressing E2F1 cDNA. E, senescence associated-B-galactosidase activity was decreased in miR-205-expressing cells following transfection with vector
expressing E2F1 cDNA. *, p < 0.05. (Experiments depicted in A, C, D, and E were performed in triplicate.).

ies have assessed the levels of various miRNAs through
microarray expression profiling (30, 35) or have studied the
mechanisms of action of selected miRNAs in this tumor type
(36). For example, miR-221 and miR-222 have been implicated
in melanoma progression through the regulation of p27 expres-
sion (37). Aberrant expression of miR-182 promotes melanoma
metastasis by repressing FOXO3 and microphthalmia-associ-
ated transcription factor (36). Finally, miR-532-3p has been
shown to regulate RUNX3 in cutaneous melanoma (38). In the
present study, we examined the expression pattern and func-
tional significance of miR-205 in melanoma progression.
Expression of miR-205 in cancer is controversial because it has
been found to be either up-regulated (39) or down-regulated
(40) in tumors. However, we found miR-205 to be significantly
down-regulated in metastatic melanomas when compared with
primary tumors or nevi. The reduced levels of miR-205 in met-
astatic samples in an independent tissue set confirmed its role
as a tumor progression marker in melanoma. The down-regu-
lation of miR-205 expression was also shown in melanoma cell
lines when compared with normal melanocytes. This is consis-
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tent with a recent microarray analysis of melanoma cell lines
and tissues that also reported down-regulation of miR-205 in
melanoma (35). The significant suppression of miR-205 expres-
sion in metastatic tumors and melanoma cell lines suggests a
tumor suppressor role in melanoma. Intriguingly, the gene
encoding miR-205 is located on 1q32, alocus that is reported to
be lost in melanoma and that harbors the known melanoma
tumor suppressor genes KISS1 (41) and mda-7 (42), thus pro-
viding a possible mechanism for down-regulation of miR-205
expression observed here.

To determine targets of miR-205 action, in silico algorithms
were utilized to identify E2F1 and E2F5. The E2F family of tran-
scription factors plays an important role in the regulation of
cellular proliferation and cell cycle progression (43). Our results
indicate an inverse correlation between expression of miR-205
and that of E2F1 and E2F5 in a panel of melanoma cell lines. We
demonstrated that miR-205 directly targets the 3'-UTR of E2F1
and E2F5, as its overexpression was associated with suppres-
sion of luciferase activity. In addition, a significant down-regu-
lation of E2F1 and E2F5 protein (but not RNA) levels was
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observed after miR-205 overexpression, indicating the post-
transcriptional regulation of E2F1 and E2F5 via targeting of
their 3'-UTRs.

Due to the demonstrated importance of E2F1 in melanoma
(24), we further characterized its role in response to miR-205.
E2F1 has long been considered an oncoprotein, and shown to
promote breast cancer cell and hepatocarcinoma cell prolifer-
ation (44). However, E2F1 also has been reported to either
induce or inhibit apoptosis (45). E2F1-directed prosurvival sig-
nals are mediated by the AKT pathway, which plays an impor-
tant role in regulating cell growth, survival, and inhibition of
apoptosis (46). Recently, E2F1-epidermal growth factor recep-
tor interaction was reported to play a significant role in mela-
noma progression (47). We observed that miR-205 overexpres-
sion reduced AKT phosphorylation, which was restored by
E2F1 overexpression, confirming that the miR-205-mediated
down-regulation of AKT phosphorylation was due to E2F1.
miR-205 overexpression suppressed the phosphorylation of
caspase-9 and BAD, thus initiating a caspase cascade to induce
apoptosis. Our results indicate that miR-205 inhibited cell pro-
liferation and induced apoptosis in melanoma cells, an obser-
vation that was confirmed in two different human melanoma
cell lines. miR-205-mediated induction of apoptosis was found
to be associated concomitantly with the cleavage of caspase-3
and PARP and the release of cytochrome c. These antiprolifera-
tive effects of miR-205, mediated, at least in part, by suppres-
sion of E2F1 and AKT phosphorylation, were confirmed fol-
lowing stable overexpression of miR-205 in C8161.9 cells. In
addition, in vivo studies demonstrated a striking reduction in
subcutaneous tumor cell growth in mice injected with C8161.9
melanoma cells overexpressing miR-205.

Furthermore, stable overexpression of miR-205 induced
senescence in melanoma cells. C8161.9 cells overexpressing
miR-205 had increased SA-B-gal activity, as well as cell enlarge-
ment and vacuolization, which represent conventional markers
for senescence (48). Trimethyl-histone H3 (Lys-9), another
marker of senescence at the chromatin level, was up-regulated
following miR-205 overexpression. The p16™***-Rb tumor
suppressor pathway plays an important role in the initiation
and maintenance of senescence (49). Up-regulation of p16™"*
activates Rb by suppressing its phosphorylation through the
inhibition of CDK4/6 kinase activities (50). Rb activation
induces senescence and suppresses the expression of E2F1 gene
targets such as MCM3 and PCNA in senescent cells (28). Our
results suggest that miR-205-induced senescence is mediated,
at least in part, by this pathway, as evidenced by the up-regula-
tion of p16™*** and the suppression of Rb phosphorylation. In
addition, both MCM3 and PCNA were down-regulated in miR-
205-overexpressing melanoma cells. Our study, for the first
time, implicates miR-205 in the senescence of human mela-
noma cells.

Importantly, the significant effects induced by miR-205 over-
expression on melanoma cell growth and senescence were
reversed partially following restoration of E2F1 expression.
These mechanistic analyses indicate that miR-205 mediates its
effects on melanoma cell proliferation and senescence via reg-
ulation of E2F1 expression.
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Finally, these results help explain previously described differ-
ential patterns of Rb and E2F1 activity in melanoma progres-
sion. Rb has been reported to be constitutively inactive in met-
astatic melanoma cells (24), whereas E2F1 and its gene targets
are overexpressed in metastases when compared with primary
melanomas (51). Our data is consistent with these findings and
suggests that the down-regulation of miR-205 in metastatic
melanomas may be responsible for the previously observed
activation of E2F1 and inactivation of Rb.

In conclusion, our study demonstrates a potent and impor-
tant tumor suppressor role for miR-205 in melanoma.
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