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MiR-135 post-transcriptionally regulates FOXO1  
expression and promotes cell proliferation  
in human malignant melanoma cells
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Abstract: Malignant melanoma is the deadliest form of all skin cancers. Recently, microRNAs (miRNAs) are small, 
non-coding RNAs that regulate gene expression by targeted repression of transcription and translation and play es-
sential roles during cancer development. Our study showed that miR-135a is upregulated in malignant melanoma 
tissues and cell lines by using Real-time PCR assay. Enforced expression of miR-135a in malignant melanoma cells 
promotes cell proliferation, tumorigenicity, and cell cycle progression, whereas inhibition of miR-135a reverses the 
function. Additionally, we demonstrated FOXO1 is a direct target of miR-135a and transcriptionally down-regulated 
by miR-135a. Ectopic expression of miR-135a led to downregulation of the FOXO1 protein, resulting in upregulation 
of Cyclin D1, and downregulation of P21Cip1 and P27Kip1 through AKT pathway. Our findings suggested that miR-135a 
represents a potential onco-miRNA and plays an important role in malignant melanoma progression by suppressing 
FOXO1 expression.
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Introduction

Malignant melanoma is an aggressive malig-
nancy associated with a high mortality rate and 
often occurs in the skin, with a clear familial 
aggregation [1]. Although surgical excision is an 
effective therapy against localized disease, the 
median survival of patients with metastatic 
malignant melanoma, following treatment with 
radiation and chemotherapy drugs, is only 6-9 
months [2]. Therefore, investigation of the biol-
ogy of malignant melanoma initiation and pro-
gression remains urgently needed to develop 
effective therapeutic strategies.

Recent studies have shown that microRNAs 
(miRNAs) play important roles in the develop-
ment, invasion and metastasis of malignant 
melanoma [3]. Since it exists stably in the plas-
ma/serum, miRNA appears promising as a new 
biomarker for the diagnosis and treatment of 
cancer [3]. Cumulative evidence has been 
reported that miRNAs, function as tumor pro-
moters or suppressors, regulated a wide range 
of biologic processes such as proliferation, 

apoptosis, invasion and so on [4]. In particular, 
miR-135a has been extensively studied in sev-
eral cancers regulating cell proliferation, inva-
sion and apoptosis [5, 6]. Recently, miRNAs 
have been implicated as key regulators influ-
encing the development of malignant melano-
ma [7, 8]. However, although there are a large 
number of mechanistic reports on the molecu-
lar mechanism of malignant melanoma in the 
literature, the functions of miR-135a and its tar-
get gene in regulating malignant melanoma pro-
gression still have a poor knowledge.

The forkhead box O (FoxO) subfamily of fork-
head transcription factors includes FOXO1, 
FOXO3, FOXO4 and FOXO6 in humans [9]. 
Importantly, FOXO proteins play important roles 
in tumor suppressors by their capacity to induce 
cell-cycle arrest, apoptosis and DNA repair as 
well as modulate the expression of genes 
responsive to oxidative stress and cell differen-
tiation through complex pathways [10, 11]. 
FOXO proteins are functions as post-transla-
tional modifications by phosphorylation, acety-
lation and ubiquitinylation. Additionally, recent 
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studies have indicated that abnormal expres-
sion of FOXO genes is associated with the 
development of human tumors [12], as well as 
malignant melanoma [13].

In the current study, we found that miR-135a 
was upregulated in malignant melanoma tissue 
and cell lines. Ectopic overexpression of miR-
135a in malignant melanoma cell lines led to 
the promotion of cell growth rate, tumorigenici-
ty and cell cycle progression. Furthermore, we 
demonstrated that the tumor suppressor gene 
FOXO1 is a direct target of miR-135a. Therefore, 
the findings of this study revealed that overex-
pression of miR-135a could promote cell prolif-
eration, tumorigenicity and cell cycle progres-
sion in malignant melanoma by directly sup-
pressing FOXO1.

Materials and methods

Specimen collection and ethics statement

A total of 20 patients were recruited from the 
first affiliated hospital of medical college of 
Xi’an Jiaotong University, Xi’an in China. All 
patients provided their consent and agree-
ment. All patients were confirmed to have pri-
mary cancer by pathology and were not sub-
jected to preoperative radiotherapy or chemo-
therapy. Malignant melanoma tissues and adja-
cent non-tumor tissues were collected during 
the operation, treated with RNAlatter reagent 
(TaKaRa, Japan), and stored at -80°C until use. 
The present study was approved by the hospital 
institutional review board (the first affiliated 
hospital of medical college of Xi’an Jiaotong 
University) and written informed consent was 
obtained from all patients.

Cell culture and transfection

Human epidermal melanocytes (HEM) were 
purchased from Sciencell (USA) and cultured  
in melanocyte medium (Sciencell, USA) accord-
ing to the manufacturer’s instructions. Human 
malignant melanoma cell lines sk-mel-1 and 
A375 were obtained from American Type Cul- 
ture Collection (Manassas, VA, USA). A375 and 
sk-mel-1 cells were maintained in RPMI-1640 
medium, containing 10% fetal bovine serum 
(HyClone, USA) and antibiotics (100 μg/ml  
penicillin and 100 U/ml streptomycin, Sigma-
Aldrich, USA) at 37°C with 5% CO2. The miR-
135a mimic and anti-miR-135a were synthe-

sized by RiboBio Corporation (China), and trans-
fection was performed using Lipofectamine 
RNAiMAX (Life Technologies, USA) according  
to the instructions. Cells (2×105 per well), miR-
135a mimic or anti-miR-135a with a final  
concentration of 30 nM, and Lipofectamine 
RNAiMAX were seeded in a 6-well plate. Trans-
fection efficiency was detected by RT-qPCR 
after 48 h of incubation.

Generation of stably engineered cell lines

pMSCV-miR-135a, the miR-135a expression 
plasmid, was generated by cloning the genomic 
pre-miR-135a gene into the retroviral transfer 
plasmid pMSCV-puro (Clontech Laboratories 
Inc., USA). pMSCV-miR-135a was then cotrans-
fected with the pIK packaging plasmid into 
293FT cells, using the standard calcium phos-
phate transfection method [14]. 36 h after 
cotransfection, supernatants were collected 
and incubated with malignant melanoma cells 
to be infected for 24 h in the presence of poly-
brene (2.5 μg/ml USA). After infection, puromy-
cin (1.5 μg/ml, Sigma) was used to select sta-
bly transduced cells over 10 days. Stable cell 
lines expressing miR-135a were established 
according to a previously reported protocol 
[14].

MTT assay

Cell proliferation was assessed by the MTT 
assay. A375 and sk-mel-1 (1.0×104/well) cells 
were seeded in 96-well plates and transfected 
with suitable miRNAs for 24 h, 48 h, 72 h and 
96 h. Then, 20 μl of 5 mg/ml MTT (in PBS) was 
added to each well and continually incubated 
for 4 h at 37°C in 5% CO2. The supernatants 
were removed, and formazan granules obtained 
from cells were dissolved in 150 μl dimethyl 
sulfoxide (DMSO) for 10 min. Finally, cell viabil-
ity was then measured in terms of optical den-
sity (OD) at a wavelength of 495 nm. Each cell 
viability assay was performed in quadruplicate 
and repeated three times.

Preparation of cell extracts and western blot-
ting analysis

Protein lysates were prepared on ice in RIPA 
buffer (Sigma, USA) with freshly added 0.1 mg/
ml phenylmethylsulfonyl fluoride (PMSF), 1 mM 
sodium orthovanadate and 1 mg/ml aprotinin. 
Protein concentrations were determined using 
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the Bio-Rad protein assay system (Bio-Rad 
Laboratories, CA, USA). Cell extracts containing 
30-40 μg of total protein were resolved in 10% 
separation gel and 5% spacer gel concentra-
tions and transferred to 0.22 μm nitrocellulose 
membranes (Millipore, MA, USA). Filters were 
blocked for 1 h at room temperature in Buffer A 
(5% BSA powder in TBS-T: 10 mM Tris-HCl (pH 
8.0), 150 mM NaCl, 0.05% Tween-20), and then 
incubated for 1 h at room temperature (RT) in 
Buffer A containing suitable dilution of rabbit 
anti-p-AKT, anti-AKT, anti-P21Cip1, anti-P27Kip1, 
anti-Cyclin D1 and anti-GAPDH antibodies. 
After washing in TBS-T buffer (5 min, RT), filters 
were incubated for 1 h at RT in Buffer A contain-
ing a suitable dilution of peroxidase conjugated 
anti-rabbit or anti-mouse secondary antibody 
(Santa Cruz, USA). After washing in TBS-T, sig-
nals were visualized with chemiluminescent 
substrate (Pierce, USA) according to the manu-
facturer’s recommendation. All results were 
normalized to GAPDH protein expression.

Colony formation assay

Cells (0.5×103 cells per well) were seeded into 
6-well plates and cultured. After 10 days’ cul-
ture in DMEM containing fetal calf serum, cells 
were subsequently fixed and stained with crys-
tal violet (0.5% w/v in ethanol, Sigma) for 5 min. 
The number of colonies formed was counted in 
10 different fields of vision and the mean value 
was evaluated. Three reduplicate dishes was 
performed independently for each cell line.

Analysis of cell cycle analysis

1×106 Cells were harvested and washed in 
PBS, then fixed in 75% ice-cold ethanol. Before 
cell cycle analysis, cells were washed in cold 
PBS three times, followed by incubation in 
propidium iodide (20 μg/ml; Sigma) and RNase 
(2 μg/ml; Sigma) for 20 min at 37°C. Cell  
cycle analysis was performed using the BD 
FACSCalibur System (BD Bioscience, USA). The 
data were analyzed with the FlowJo 7.6 soft-
ware and the cell cycle distribution was shown 
as the percentage of cells in the G1, S, and G2 
populations.

Luciferase reporter assay

The wild type and mutant 3’UTR of FOXO1 were 
cloned into the pGL3 luciferase assays vector 
(Promega, USA) to confirm direct target associ-

ation. The wild type contained binding sites  
of FOXO1 3’UTR with miR-135a. The sequence 
that was complementary to the binding sites 
(AUAAUUGUAUAAAGCCAU) was replaced by CA- 
CUUUGAUCCUUACGUA for mutagenesis (Figure 
5A). For luciferase assays, cells (5×104) were 
plated in a 24-well plate and incubated for 24  
h prior to transfection. Firefly luciferase con-
structs containing the 3’UTR (or 3’UTRmutant) 
of the potential miR-135a target, pRL-TK Renilla 
luciferase normalization control, miR-135a, 
anti-miR-135a or miR-CON control were cotran- 
sfected using Lipofectamine 2000 (Invitrogen). 
Lysates were collected 48 h after transfection 
and measured using a Dual-Luciferase Reporter 
System (Promega) according to the manufac-
turer protocol. Three independent experiments 
were performed and the data were presented 
as the mean ± SD.

Statistical analysis of data

The prediction of miRNA targets was performed 
by using Target Scan (release 6.2, http://www.
targetscan.org/), Pictar and RNhybrid. All 
results were expressed as means ± SD. One-
way ANOVA was used for luciferase reporter 
assay analysis. All experiments were performed 
in triplicate. All statistical analyses were per-
formed on SPSS 18.0. P < 0.05 was considered 
statistically significant.

Results

MiR-135a is upregulated in malignant mela-
noma tissues and cells

To investigate the relationship of miR-135a and 
human malignant melanoma development, we 
first examined the expression of miR-135a in 
20 paired human malignant melanoma tissues 
and adjacent non-tumor skin tissues by qRT-
PCR in this study. MiR-135a was significantly 
upregulated in malignant melanoma tissues, 
as compared with that detected in matched 
non-tumor tissues (Figure 1A), suggesting that 
upregulation of miR-135a might be involved in 
human malignant melanoma development. We 
next determined whether miR-135a expression 
was similarly correlated with the malignant  
melanoma cells lines. We compared miR-135a 
expression in three selected cell lines: HEM 
(human epidermal melanocyte), sk-mel-1 and 
A375. Indeed, miR-135a was highly upregulat-
ed in malignant melanoma cell lines, as com-
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pared with human normal epidermal melano-
cyte HEM cells (Figure 1B). Taken together, 
these data indicated that miR-135a overex-
pression was significantly associated with the 
proliferation of malignant melanoma.

Upregulation of miR-135a promotes malignant 
melanoma cell proliferation and cell cycle pro-
gression in vitro

To explore the role of miR-135a in malignant 
melanoma proliferation, A375 and sk-mel-1 
cells stably overexpressing miR-135a were 
established for further investigations. An MTT 
assay showed that ectopic expression of miR-
135a significantly increased the growth rate  
of malignant melanoma cells (Figure 2A). 
Additionally, colony formation assays showed 
that overexpression of miR-135a enhanced the 
proliferation of malignant melanoma cancer 
cells than the control cells (Figure 2B). The cell 
cycle analysis of A375 and sk-mel-1 cells by 
flow cytometry showed a statistically significant 
decrease in the percentage of cells in G1/G0 
phase and an increase in the percentage of 
cells in the S phase of the cell cycle (Figure 2C). 
These observations suggest that upregulation 
of miR-135a promoted the proliferation, tumori-
genicity and cell cycle progression of malignant 
melanoma cells in vitro.

Inhibition of miR-135a suppresses prolifera-
tion of malignant melanoma cells

To further explore the role of miR-135a in pro-
moting malignant melanoma cell proliferation, 

loss-of-function approach using a miR-135a 
inhibitor were performed (Figure 3A). Analysis 
by MTT and colony formation assays showed 
that downregulation of miR-135a markedly 
decreased the growth capacity of A375 and sk-
mel-1 cells transfected with the miR-135a 
inhibitor, compared with that of control cells 
(Figure 3B and 3C). Analysis by flow cytometry 
showed a markedly increase in the percentage 
of cells in G1/G0 phase and a decrease in the 
percentage of cells in S phase in cells trans-
fected with the miR-135a inhibitor, compared 
with control cells (Figure 3D). Taken together, 
these results suggested that downregulation of 
miR-135a suppresses the proliferation and cell 
cycle progression of malignant melanoma cells.

MiR-135a represses expression of the cell cy-
cle inhibitors p21Cip1 and p27Kip1 while increas-
es expression of cell-cycle regulator Cyclin D1

As miR-135a promoted cell proliferation, we 
further examined its functions on expression of 
the genes which regulate cell cycle and prolif-
eration, including the CDK inhibitors p21Cip1, 
p27Kip1 and the CDK regulator Cyclin D1. 
Compared to the control transfected cells, the 
expression of p21Cip1 and p27Kip1 were down-
regulated and Cyclin D1 level was upregulated 
in miR-135a-transfected cells, while p21Cip1 and 
p27Kip1 were upregulated and Cyclin D1 level 
was downregulated in anti-miR-135a -trans-
fected cells in mRNA and protein levels (Figure 
4A-C). Similar results were also observed in sk-
mel-1 cell, further confirming that miR-135a 

Figure 1. miR-135a was up-regulated in malignant melanoma tissues and cells. A. The expression of miR-135a in 
normal skin tissues and malignant melanoma tissues was measured using qRT-PCR. U6 snRNA was used as a load-
ing control. B. qRT-PCR detecting the expression of miR-135a in HEM, A375 and sk-mel-1. Bars represent the mean 
± SD of experiments. *P < 0.05.
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Figure 2. MiR-135a in-
duces proliferation of ma-
lignant melanoma cells. 
A. Effects of miR-135a on 
proliferation of the indi-
cated cells, as analyzed by 
MTT assays. B. Represen-
tative micrographs (left) 
and quantifications (right) 
of crystal violet stained 
colonies formed by the indi-
cated cells. C. Effects of ec-
topic miR-135a expression 
on cell cycle progression 
of the indicated cells, as 
analyzed by flow cytometry. 
All these experiments were 
done with A375 and sk-
mel-1 cells stably overex-
pressing miR-135a or miR-
control (miR-CON)-vector. 
Bars represent the mean 
± SD of three independent 
experiments. *P < 0.05.
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Figure 3. Inhibition of miR-
135a suppresses the prolif-
eration and tumorigenicity of 
malignant melanoma cells. 
A. Real-time PCR analysis 
miR-135a in A375 and sk-
mel-1 cells transfected with a 
miR-135a inhibitor (anti-miR-
135a). Transcript levels were 
normalized to U6 expression. 
B. The effects of miR-135a 
inhibition (shown as Anti-miR-
135a) or control (shown as 
miR-CON) on cell viability of 
malignant melanoma cells, as 
analyzed by MTT assays. C. 
Quantifications of crystal violet 
stained colonies formed by the 
indicated cells. D. The effects 
of miR-135a on cell cycle pro-
gression of the indicated cells 
analyzed by flow cytometry. 
Bars represent the mean ± SD 
of three independent experi-
ments. *P < 0.05.
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Figure 4. MiR-135a regulates expression of p21Cip1, p27Kip1 and Cyclin D1. A. Real-time PCR analysis of the mRNA 
expression of cell cycle regulator, p21Cip1, p27Kip1 and Cyclin D1 in malignant melanoma cells transfected with miR-
135a or miR-CON. B. Real-time PCR analysis of p21Cip1, p27Kip1 and Cyclin D1 mRNA in malignant melanoma cancer 
cells transfected with the anti-miR-135a or miR-CON. GAPDH was used as a loading control. C. Western blotting 
analysis of AKT, p-AKT, p21Cip1, p27Kip1, and Cyclin D1 in A375 and sk-mel-1 cells. GAPDH was used as a loading 
control. Bars represent the mean ± SD values of three independent experiments; *P < 0.05.

Figure 5. miR-135a negatively regulates FOXO1 expression in malignant melanoma cells. (A) Bioinformatic predic-
tion of miR-135 binding sites in the 3’UTRs of FOXO1. (B) Luciferase reporter assays in HEK293 cells. Cells were 
transfected with 100 ng of wild-type 3’-UTR-reporter or mutant constructs together with miR-135a or anti-miR-135a 
as indicated. pRL-TK Renilla luciferase was used as the normalization control. (C and D) Western blotting analysis 
of FOXO1 in A375 (C) or sk-mel-1 (D) cells transfected with miR-135a or miR-CON. GAPDH was used as a loading 
control. (E and F) Western blotting analysis of FOXO1 in A375 (E) or sk-mel-1 (F) cells transfected with anti-miR-135a 
or miR-CON. GAPDH was used as a loading control. Differences between two groups were analyzed using Student’s 
t-test. *P < 0.05.

can promote the proliferation and cell cycle 
progression of malignant melanoma cells 
(Figure 4A-C).

FOXO1 activity is directly regulated by phos-
phorylation by Akt upon external growth sig-
nals, resulting in translocalization from the 
nucleus [15]. To check if miR-135a overexpres-
sion significantly alters upstream Akt signal- 
ing, we assessed Akt and phosphorylated  
Akt expression in malignant melanoma cells. 
Phosphorylated Akt levels were significantly 
altered upon transfection with miR-135a or 
anti-miR-135a (Figure 4A), demonstrating that 
the activity of FOXO1 was affected by changes 
in Akt expression or activity. These data sug-
gest critical roles for the AKT pathways in miR-
135a mediated cell biology.

MiR-135a directly targets the transcription fac-
tor FOXO1 in malignant melanoma cells

As previously reported, FOXO1 can transcrip-
tionally regulate genes related to the cell cycle, 

including p21Cip1, p27Kip1 and Cyclin D1 [16, 17]. 
In parallel, the putative target of miR-135a was 
predicted using the bioinformatics search 
(Targetscan, Pictar, RNhybrid). Among the can-
didate targets of miR-135a, FOXO1 were identi-
fied and the potential binding sequence for 
miR-135a was matched within the 3’UTR of 
FOXO1 (nucleotides 2889-2909; NM_002015) 
(Figure 5A). Indeed, miR-135a overexpression 
led to a remarkable decrease of luciferase 
activity when the pGL3-FOXO1-3’UTR luciferase 
reporter plasmid was co-transfected, whereas 
inhibition of miR-135a led to increased lucifer-
ase activity (Figure 5B). Moreover, miR-135a 
overexpression led to reduced FOXO1 protein 
expression in A375 and sk-mel-1 cells (Figure 
5C and 5D). However, mutation of the miR-107 
binding site abrogated the reduced luciferase 
expression (Figure 5B). While, downregulation 
of miR-135a led to increased FOXO1 protein 
expression in A375 and sk-mel-1 cells (Figure 
5E and 5F). Collectively, these results indicat-
ing that FOXO1 is a target of miR-135a in malig-
nant melanoma cells.
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Discussion

The current study revealed that miR-135a is 
significantly upregulated in malignant melano-
ma cells and tissues, compared with normal 
cells and tissues. Moreover, our results showed 
that overexpression of miR-135a promoted the 
proliferation, tumorigenicity and cell cycle pro-
gression of malignant melanoma cells. In 
agreement with these observations, overex-
pression of miR-135a decreased the expres-
sion of p21Cip1, a cyclin-dependent kinase (CDK) 
inhibitor, and increased the expression of the 
cell cycle regulator cyclin D1. To explore the 
mechanism of miR-135a-induced cell prolifera-
tion, we investegated that miR-135a sup-
pressed FOXO1 expression via directly target-
ing its 3’-UTR. Taken together, our results sug-
gest that upregulation of miR-135a might play 
an essential role in promoting carcinogenesis 
and progression of malignant melanoma 
through AKT-mediated signaling.

FOXO1, a member of the forkhead box O (FOXO) 
subfamily of transcription factors, regulated 
the expression of a program of genes involved 
in the apoptotic response, cell cycle check-
points and hypoxia responsiveness [18, 19]. 
FOXO1 is also known as a tumor suppressor 
gene and its downregulation has been identi-
fied in various tumors, including malignant mel-
anoma [13]. Typically, inhibition of FOXO1 in 
cancer is associated with the activation of high-
er level kinases such as AKT [19, 20].

FOXO1 has been shown to be a target of regula-
tion by many cancer-related miRNAs. These 
include miR-27a, miR-96, miR-182 in breast 
cancer [21], miR-96 in colorectal cancer [22], 
and miR-183 in gliomas [23]. Wu et al. found 
that miR-223 regulates cell proliferation 
through targeting and downregulating FOXO1, 
and upregulation of miR-370 promotes prolif-
eration of prostate cancer cells by suppressing 
the endogenous FOXO1 expression [24, 25]. It 
is also known that miR-27a, miR-96 and miR-
182 have all been found to target FOXO1 direct-
ly and regulate endogenous FOXO1 protein 
expression in breast cancer cells, while sup-
pression of the related microRNAs resulted in 
an increase in FOXO1 protein and a decrease in 
cell proliferation [21]. In the present study, we 
found that miR-135a directly targeted FOXO1, 
which was downregulated by the miR-135a 
expression. These results supported the view-
point that miRNA can modulate the FOXO1 epi-

genetic expression. Moreover, consistent with 
previous studies, the regulation of FOXO1 by 
specific miRNAs is essential for tumor 
progression.

It has also been reported that FOXO1 is closely 
correlated with the phosphotidylino sitide-3-ki-
nase (PI3K)/AKT signaling pathway [26, 27]. 
Activation of the PI3K/AKT signaling pathway 
leads to FOXO1 phosphorylation, which results 
in dysregulation of Cyclin D1, Cyclin D2, and 
p21 levels and Cyclin-Dependent Kinase-4 
activity [27]. According to the previous studies, 
our results suggested that FOXO1 is downregu-
lated by miR-135a in malignant melanoma 
cells, and mediated miR-135a-induced cell 
growth. In addition, ectopic miR-135a inhibits 
the expression of p21Cip1, and induces the 
expression of cyclin D1, indicating a putative 
correlation between miR-135a and the PI3K/
Akt signaling pathway. Further research is 
needed to elucidate the detailed molecular 
mechanism underlying the role of miR-135a in 
tumor development.

In conclusion, the current study provides novel 
evidence that miR-135a might have potential 
function to determine human epithelial cell 
fate. However, the function and regulation of 
miR-135a during malignant melanoma progres-
sion has not been unfolded. Herein, for the first 
time we have revealed an important link 
between miR-135a and malignant melanoma 
progression. We have shown that miR-135a 
functions in regulating cell growth, tumorigenic-
ity, and cell cycle progression. Our findings sug-
gested the essential role that miRNAs play in 
the pathogenesis of malignant melanoma, and 
further suggest that miR-135a is an onco-miR-
NAs and might represent a potential therapeu-
tic target for malignant melanoma.
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