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Abstract

Background: The incidence of cutaneous malignant melanoma continues to rise, and once the disease metastasizes it
is almost inevitably fatal. We recently reported that a large miRNAs cluster on human chromosome 14q32, implicated
in many types of cancers, is significantly down-regulated in melanoma. miR-377, one of the miRNAs located within this
cluster, was studied here.

Methods: gRT-pCR was used to quantify miR-377 levels in melanoma cell lines and samples. Melanoma cell lines
ectopically expressing miR-377 were generated by stable transfection, mMRNA expression was assessed using mRNA
arrays and protein expression was assessed by Western blot analysis. Potential targets of miR-377 were identified
through luciferase reporter assays. Cellular proliferation, migration and soft-agar colony formation were monitored in
control and miR-377-expressing cells using cell biology techniques.

Results: miR-377 is expressed in normal melanocytes but not in melanoma cell lines or samples. Its ectopic stable
expression in melanoma cell lines decreased their proliferative and migratory capacity and their colony-forming
capability. mRNA arrays of melanoma cells over-expressing miR-377 pointed to several down-regulated mRNAs that
have putative binding sites for miR-377 in their 3'UTR, of which both E2F3 and MAP3K7 were found to be direct
targets of miR-377.

E2F3, a potent transcriptional inducer of cell-cycle progression, was found to be elevated in melanoma cell lines, but
decreased following ectopic expression of miR-377. Ectopic miR-377 also led to a decrease in the activity of a reporter
plasmid containing three E2F DNA-binding sites linked to a luciferase cDNA sequence, demonstrating that miR-377
down-regulates E2F3-induced transcription.

MAP3K?7 (known as TAK1), a serine/threonine kinase along the MAPK signaling pathway, was over-expressed in
melanoma but decreased following ectopic expression of miR-377. MAP3K7 is involved in the activation of NF-kB.
MiR-377 over-expression led to decreased activity of a reporter plasmid containing two NF-kB DNA-binding sites and
to decreased output along the NF-kB signaling pathway.

Conclusion: Our results suggest that miR-377 is an important negative regulator of E2F and MAP3K7/NF-kB signaling
pathway in melanoma cells; it is tempting to speculate that its silencing in melanoma promotes the tumorigenic and
metastatic potential of the cells through activation of these pathways.
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Introduction

Cutaneous malignant melanoma is by far the most ag-
gressive, therapy-resistant and deadly form of skin can-
cer, and its incidence is on the rise [1]. The prognosis
for melanoma is good when it is diagnosed early and
surgically excised, but prognosis drops significantly when
regional lymph nodes are involved and metastatic mel-
anoma is unfortunately rarely curable. Although much
progress has been made in understanding the molecular
events leading to the initiation and progress of melan-
oma [2,3], the current therapeutic interventions for
metastatic melanoma are not sufficient and only little
improvement in survival has overall been made [4].

MicroRNAs (miRNAs) are small non-coding RNA
molecules that are generated within cells and play a role
in post-transcriptional gene regulation. MiRNAs play a
role in almost any cellular biological function. Aberrant
expression of miRNAs was found in cancerous trans-
formation and progression. Several miRNA profiling
studies in melanoma were published so far (reviewed in
[5]), but the picture emerging from these works is far
from being clear. One of the largest miRNA clusters is
located on chromosome 14q32. This chromosomal area
is of great developmental importance, exemplified by se-
vere phenotypes associated with altered dosages of the
genes within it in mice and humans [6]. The large
miRNA cluster within it has been implicated in many
types of cancer [7-14].

Previously, we have identified an almost complete silen-
cing of this cluster in melanoma [15], and began to study
the individual effects and targets of several miRNAs from
this cluster on melanoma cell lines, focusing on miRNAs
whose expression was decreased between benign nevi and
melanoma. We already showed that two miRNAs from
this cluster, miR-376a and miR-367c, which are signifi-
cantly down-regulated in melanoma, target the insulin-
growth-factor-1 receptor and can decrease the malignant
phenotype of melanoma cells upon ectopic expression
[15]. Our current work focuses on miR-377, another
miRNA transcribed from the 14q32 cluster.

Results
We previously showed that the large miRNA cluster on
chromosome 14q32 is down-regulated in melanoma
[15]. Specifically, the expression of miR-377 from this
cluster is absent in melanoma cells in comparison to nor-
mal human epidermal melanocytes (NHEM) (Figure 1A).
Interestingly, in contrast to other 14q32 miRNAs which are
already down-regulated at the nevus stage [15], miR-377
is expressed in benign nevi, and its expression decreases
in melanoma samples (Figure 1B).

As previously shown by us, treatment of melanoma
cell lines with epigenetic modifiers can re-express several
miRNAs from this cluster [15,16]. Similarly, miR-377
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was also re-expressed when melanoma cells were treated
with epigenetic modifiers; whereas miR-377 could not be
detected in untreated melanoma cell lines, it was ampli-
fied from melanoma cell lines following treatment with a
combination of de-methylating agents and histone dea-
cetylase inhibitors (with a threshold cycle of 34-35 in
different cell lines), albeit to lower lever than its levels in
normal melanocytes (Figure 1C). This result supports
the concept that epigenetic modifications take part in
the silencing of this miRNA as well.

We generated melanoma cell lines with stable ectopic ex-
pression of miR-377 or control RNA, HTR [17] (Figure 2A).
Mel-14PA melanoma cells over-expressing miR-377 in a
stable manner exhibited a statistically-significant reduc-
tion of ~40% in growth relative to HTR-transfected con-
trol cells by 96 h (Figure 2B, left panel). This growth
pattern was also observed by monitoring cell viability
by the real-time cell analyzer (xCELLigence system [18]
(Figure 2C). Mel33B1 melanoma cells over-expressing
miR-377 in a stable manner exhibited a non-statistically-
significant reduction of ~30% in growth relative to HTR-
transfected control cells by 96 h (Figure 2B, right panel).

Cellular migration was monitored using an in-vitro
transwell system. MiR-377 transfected cells showed sig-
nificantly decreased migration through a transwell mem-
brane relative to HTR transfected control cells in both
mel-14PA and mel33B1 melanoma cell lines (Figure 3A).
Migration was also monitored by assessing the number
of cells passing through the CIM-Plate of the xCELLi-
gence Real-Time Cell Analyzer system [19]. Whereas
HTR-transfected control melanoma cells exhibited a
time-dependent migration through the membrane, the
miR-377 transfected cells showed significantly reduced
migration through the membrane (Figure 3B). Further-
more, over-expression of miR-377 led to a significant re-
duction in colony formation in both melanoma cell lines
(Figure 4).

In order to point out potential mRNA targets of miR-
377, mRNA array analysis was performed, comparing
miR-377-expressing and control-HTR-expressing mel33B1
and mel-14PA melanoma cell lines. We searched for tran-
scripts whose expression was decreased in the presence of
miR-377. The mRNA expression pattern in mel33B1 and
mel-14PA cells differs, yet miR-377 has a clear effect on
mRNA expression levels in both cells. Using a cut-off of
1.5-fold-change in expression, we found 363 genes whose
expression was decreased in miR-377-expressing mel33B1
cells and 110 transcripts whose expression was de-
creased in miR-377-expressing mel-14PA cells. Ninety
seven genes were down regulated in both cells overex-
pressing miR-377 and 18 were up regulated in both cells
over expressing miR-377 (Additional file 1: Figure S1A,
and Additional file 2: Table S1). We then used the miR-
Walk bioinformatics tool (www.umm.uni-heidelberg.de/
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Figure 1 miR-377 expression in normal melanocytes and melanoma and its re-expression following treatment with epigenetic
modifiers. (A) The expression levels of miR-377 in different melanoma cell lines relative to NHEM was assessed by gRT-PCR and normalized by
Rnu48. (B) The expression levels of miR-377 in normal melanocytes, thirteen samples of benign nevi and six samples of melanoma as assessed
by gRT-PCR and normalized by Rnu43. Each diamond represents one patient. The red thick lines represent the median. *signifies p < 0.05. (C) The
expression levels of miR-377 in melanoma cells treated with epigenetic modifiers (10 uM 5-Aza and 3 mM PBA) for 96 h, as assessed by
gRT-PCR and normalized by Rnu19. The results are presented as relative expression to NHEM. Data is represented as mean + SEM from three
independent experiments.
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Figure 2 MiR-377 effect on melanoma cells proliferation. (A) MiR-377 expression in normal melanocytes (NHEM) or mel33B1 (B1) or mel-14PA
(14) melanoma cells after stable transfection with HTR control vector (B1 HTR, 14 HTR) or vector expressing miR-377 (B1 377, 14 377). Rnu48 served as
normalizing control. (B) The growth of mel-14PA (left) and mel33B1 (right) melanoma cell lines stably transfected with HTR control vector or vector
expressing miR-377 was assessed using the crystal-violet method for 72-96 h. Data is represented as mean + SEM from three independent experiments.
*signifies p < 0.05. (C) The growth of mel-14PA melanoma cell lines stably transfected with HTR control vector or vector expressing miR-377 was assessed
using the xCELLigence real-time system. For determination of statistical significance, a repeated measures two-way ANOVA with Bonferroni post-hoc tests
was performed; *signifies p < 0.05, ***signifies p < 0.001.

apps/zmf/mirwalk/index.html) that provides lists of
miRNA-predicted targets according to 10 different bio-
informatics software. MiRWalk pointed to 2882 pre-
dicted targets of miR-377 that appear in at least 4 out
of 10 different softwares. When we crossed this list
with the list of down regulated mRNAs in miR-377-
expressing melanoma cells, we found 4 putative tran-
scripts with miR-377-binding sites: E2F3 (a putative
target of miR-377 in 6 out of 10 software), MAP3K7 (in

4 out of 10), KRAS (in 5 out of 10) and CDK®6 (in 5 out
of 10). The expression level of these 4 mRNAs on the
array is provided in Additional file 1: Figure S1B.

In order to find out which of those genes is a true mo-
lecular target of miR-377, part of the 3"UTR of each of
these genes, containing the putative miR-377 binding
site/s, was individually cloned to a psiCHECK-II plasmid
downstream to a synthetic Renilla luciferase gene (hRluc).
Luciferase activities were significantly inhibited following
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Figure 3 MiR-377 effect on melanoma cells migration. (A) The migration of mel33B1 and mel-14PA melanoma cell lines stably transfected
with HTR control vector or vector expressing miR-377 was assessed using the in-vitro transwell method 24 h after seeding. Representative
micrographs of the transwell membrane are shown; Quantification of the area covered by the cells was performed using the ImageJ software
[20] following three independent experiments; p value was calculated by t-test**p < 0.01;***p < 0.001 (B) Cellular migration was also assessed
using the xCELLigence real-time system (for both cell lines as written above the graphs). For determination of statistical significance, a repeated
measures two-way ANOVA with Bonferroni post-hoc tests was performed; *p < 0.05, **p < 0.01, ***p < 0.001.

introduction of miR-377 to cells that were also transfected
with luciferase attached to the 3'UTR of MAP3K?7 or part
of the 3'UTR of E2F3 (Figure 5). This inhibition could not
be detected following transfection of luciferase attached to
the 3'UTR of KRAS or of CDK6. Hence we decided to
focus on the effect of miR-377 on E2F3 and MAP3K7.

E2F3 has three putative binding sites for miR-377 lo-
cated in the first half of the gene’s 3'UTR (Figure 6A).
The first site is classified as 7mer-1A binding’ and the
other two sites are classified as ‘7mer-8 m binding,
which theoretically could generate a stronger interaction
with the E2F3 3'UTR through an additional nucleotide
pairing in position 8 in the “seed” sequence. Targeted
mutation of each individual miR-377 binding sites in the
3'UTR of E2F3 abrogated the miR-377-induced decrease
in luciferase expression (Figure 6B), confirming that
miR-377 directly targets E2F3.

E2F3 mRNA and protein levels were higher in melan-
oma cell lines compared to NHEM (Figure 6C and D re-
spectively). The effect of miR-377 on the expression of
E2F3 mRNA and protein was examined by qRT-PCR and
WB analysis of cells over-expressing miR-377. When miR-
377 was over-expressed in melanoma cells, the level of
E2F3 mRNA was almost unchanged (Figure 6E, left).
However, the level of E2F3 protein was decreased by
about 70% (Figure 6E, right). This suggests that miR-377
regulates E2F3 expression at the post transcriptional level.

We further asked whether miR-377 affects the bio-
chemical activity of E2F3 using a reporter plasmid
containing three E2F3 DNA-binding sites linked to a lu-
ciferase ¢cDNA sequence (termed E2F3-BS-luciferase)
[21]. Cells over-expressing HTR control vector or vector
expressing miR-377 were transfected with E2F3-BS-
luciferase vector or empty luciferase vector as an internal
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Figure 4 MiR-377 effect on soft agar colony formation of melanoma cells. Soft agar colony formation assays were performed using
mel-14PA (A) or mel33B1 (B) melanoma cells over-expressing either miR-377 or HTR control vector. Colonies were stained after 3 weeks in culture.
Representative photomicrographs are shown in the left panel. Quantification of the area covered by the colonies was performed using the Image)
software [20] following three independent experiments (right panel). p value was calculated by t-test; **p < 0.01, ***p < 0.001.
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Figure 5 miR-377 effect on the 3'UTR of selected potential targets. 293 T cells were co-transfected with control empty psiCHEK-II (vector), or
with a vector containing a part of the 3'UTR (containing the putative binding site for miR-377) of the MAP3K7 or E2F3, or KRAS, or CDK6 genes,
attached to luciferase cDNA, concomitant with a miR-377 expressing vector at different concentrations (0.5 or 1 ug). The results are presented as
the ratio of expression of renilla/luciferase that was normalized relative to control-transfected cells for each vector. Data is represented as mean +
SEM from three independent experiments. *signifies p < 0.02.




Zehavi et al. Molecular Cancer (2015) 14:68

Page 7 of 16

+ + - NNNNNNNUUAUGCUUCGUGUGAAC. .
Leenn
UGUUUUCAACGGAAACACACUA
+ + « CAGAGCAUCUAAACCUGUGUGAU. . .
ANNANY

Position 10-16 of E2F3 3' UTR 5° :! 2 ec
1A

hsa-miR-377 ar
Position 951-957 of EXF3 3'UTR 5

hsa-miR-377 3* UGUUUUCAACGGAARACACACUA
Position 1251-1257 of E2F3 3'UTR 5" - - GAAAGACAUCCCCAUUGUGUGAG. .. o
AR :
hsa-miR-377 = UGUUUUCAACGGAARACACACUA m8
25 B HTR
miR-377
2
*
1.5 | [
1 I I
0.5
0
vector E2F3 3'UTR E2F3mutl E2F3mut2 E2F3mut3
3'UTR 3'UTR 3'UTR
14 -
12
10

fold change
(compared with NHEM)

8,
6,
4,
s B B

NHEM mel33B1 mell4PA mell5AY mel526 mel624

A predicted consequential pairing of target | seed D
region {top) and miRNA (bottom) match

7 GAPDH

Figure 6 MiR-377 targets E2F3. (A) The putative binding sites of miR-377 in the E2F3 3" UTR are shown (taken from TargetScan at http://www.
targetscan.org/). (B) mel-14PA melanoma cells stably expressing HTR control (dark grey) or expressing miR-377 (light grey) were transfected with
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E2F3 3'UTR. The results are presented as the ratio of expression of renilla/luciferase that was normalized relative to control-transfected cells for each of the
3'UTR constructs. *signifies p < 0.05. (C) E2F3 mRNA levels in different melanoma cell lines relative to NHEM as assessed by gRT-PCR. (D) E2F3 protein levels
in different melanoma cell lines as assessed by WB. (E) E2F3 mRNA (left panel) and protein (right panel) levels in mel-14PA over-expressing HTR control
vector or vector expressing miR-377 as assessed by gRT-PCR and WB, respectively. (F) mel-14PA melanoma cells stably expressing HTR control or expressing
miR-377 were transfected with E2F-BS-luciferase and renilla vector as an internal control. The resulting cell extracts were analyzed by luciferase reporter
assay and values normalized to renilla activity. Data is represented as mean + SEM from three independent experiments. *signifies p < 0.05.
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control. Over-expression of miR-377 reduced the luciferase
activity in the E2F3-BS-luciferase transfected cells, implying
that miR-377 led to reduced E2F3 activity (Figure 6F).

MAP3K7 mRNA and protein levels were higher in
melanoma cells compared to NHEM (Figure 7A and B,
respectively). MAP3K7 has a highly conserved putative
binding site for miR-377. This site is classified as ‘8mer
binding’ and is located in the second third of the gene’s
3'UTR (Figure 7C). Luciferase activity was significantly
inhibited following introduction of miR-377 and the
3'UTR of MAP3K7. Mutation of the MAP3K7 3'UTR
binding-site abolished the ability of miR-377 to decrease
luciferase expression (Figure 7D), confirming that miR-
377 directly targets MAP3K7 3'UTR.

Mir-377 over-expression in melanoma cells did not
alter the level of MAP3K7 mRNA (Figure 7E). The level
of MAP3K7 protein, however, was significantly de-
creased by about 60% (Figure 7F), suggesting that miR-
377 regulates MAP3K?7 at the post transcriptional level.

MAP3K?7 is involved in the activation of NF-kB; MAP3K7
phosphorylates and activates the IKK complex, leading to
the phosphorylation, ubiquitination and degradation of
NFKB1A (also known as IkBa). This frees NF-kB, which
is then activated and trans-located to the nucleus [22].
We therefore hypothesized that over-expression of
miR-377 would lead to inhibition of the NF-kB signaling
pathway. Using a reporter plasmid containing two
NF-kB DNA-binding sites linked to a luciferase cDNA


http://www.targetscan.org/
http://www.targetscan.org/

Zehavi et al. Molecular Cancer (2015) 14:68

Page 8 of 16

A . D = B HTR
= MAP3K7 2 miR377
2 S 124
T 4 £
gé”: 3 £ I I
£% Z o8
=8 2] 2 *
s & 06 I
2 o
£ 1 @
Lim
0- ‘ ‘ S 02-
NHEM mell4PA  mel526 mel624 o
>
= 0+ T T 1
B 3 3 vector  MAP3K7 3'UTR MAP3K7 3'UTR
«w 25 n mut
HE
<
<
NHEM mel14PA mel526 mel624 = 12 MAP3K7
NHEM mell4PA mel526 mel624 11
& 0.8 |
5
5 0.6
kel
S 0.4-
0.2 -
0 -
HTR miR-377
F
HTR  miR-377
MAP3K7 | M —
GAPDH | S -
hsa-miR-3 3 UGTUTT CRACS GRARCRCRCT A
Figure 7 MiR-377 targets MAP3K7. (A) MAP3K7 mRNA levels in different melanoma cell lines relative to NHEM as assessed by gqRT-PCR. (B)
MAP3K7 protein levels in different melanoma cell lines as assessed by WB (left). The bar graph denotes the densitometry scanning of the total
MAP3K7 bands normalized to the GAPDH bands (right). Data is represented as mean + SEM of three independent experiments. (C) The 3'UTR of
the MAP3K7 gene showing potential binding sites for miR-377 (marked), and the sequence conservation from human to lizard in the vicinity of
miR-377 seed sequences (taken from TargetScan at http://www.targetscan.org/). (D) 293 T cells were co-transfected with a control empty
psiCHEK-II-luciferase (vector), or wild type MAP3K7 3'UTR-luciferase plasmid, or mutant MAP3K7 3'UTR-luciferase plasmid, together with a plasmid
expressing miR-377. The results are presented as the ratio of expression of renilla/luciferase that was normalized relative to control-transfected
cells for each vector. Data is represented as mean + SEM from three independent experiments. *signifies p < 0.05. (E) MAP3K7 mRNA levels in
mel-14PA over-expressing HTR control vector or vector expressing miR-377 as assessed by qRT-PCR. (F) MAP3K7 protein levels in mel-14PA
over-expressing HTR control vector or vector expressing miR-377 as assessed by WB.

sequence gene [23], we showed that over-expression of
miR-377 decreases the reporter luciferase activity by
about 50% (Figure 8A), indicating that miR-377 de-
creases the activity along the NF-kB pathway as well.

Furthermore, functional analysis of the mRNA expres-
sion array of cells over-expressing miR-377 showed a
fairly consistent correlation between miR-377 expres-
sion and regulation of known gene expression signa-
tures of NFKB1A (IkBa) (Figure 8B). This indirectly
implies the involvement of miR-377 in the NF-kB path-
way as well.

To verify that the signaling output along the NF-kB
is decreased following miR-377 over expression, we

assessed the protein levels of NFKB1A (IkBa). NFKB1A
levels were higher in miR-377-expressing cells, as would
be expected by inhibition of MAP3K?7 activity (Figure 8C).
Indeed, pharmacological inhibition of MAP3K7 by the
commercially available inhibitor 5Z-7-oxozeaenol [24] led
to a similar effect on NFKBIA levels as miR-377 over
expression (Figure 8D). In addition, the amount of the
NF-kB in the nuclear compartment following cellular
fractionation was lower in miR-377 expressing cells, sug-
gesting that the translocation of NF-kB to the nucleus is
inhibited in the presence of miR-377 (Figure 8E). A sche-
matic model of the effect of miR-377 on the NF-kB signal-
ing pathway is shown in Figure 9.
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Figure 8 miR-377 effects on the NF-kB pathway. (A) mel-14PA melanoma cells stably expressing the HTR control vector or a vector expressing
miR-377 were co-transfected with NF-kB luciferase vector and renilla vector as an internal control. The resulting cell extracts were analyzed by
luciferase reporter assay and values were normalized to the renilla activity. Data is represented as mean + SEM from three independent experiments.
*signifies p < 0.05. (B) Using the Ingenuity Pathways Analysis software suite, we illustrate the network of NFKB1A target genes in melanoma cells
over-expressing miR-377. The green and red boxes represent genes that were experimentally found to be down-regulated or up-regulated in
mir-377-expressing cells, respectively; the orange and blue lines represent trends of activation or inhibition, respectively, that would be expected
following activation of NFKB1A signaling output. The yellow lines represent genes in which a discrepancy exists between the observed change in gene
expression and the expected change. (C) The protein levels of IkBa (NFkB1A) were assessed in miR-377 expressing and control melanoma cell by WB
and quantified using densitometry with actin levels serving as internal loading control. (D) The protein levels of IkBa (NFKB1A) in mel-14PA melanoma
cells after treatment with the commercially available inhibitor 5Z-7-oxozeaenol, 4 mM, for 24h. (E) The protein levels of NF-kB in the cytosolic and

fractionation control.

nuclear cellular fractions were assessed by WB with actin levels (completely absent in the nuclear fraction) serving as internal loading and

Discussion

MiR-377 belongs to a large miRNA cluster on chromo-
some 14q32 whose expression is silenced in melanoma
[15] and in several additional human malignancies in-
cluding ependymoma [8], osteosarcoma [14], neuroblast-
oma [11], gastro-intestinal stromal tumors [12], uterine
osteosarcoma [9], gliomas [13] and prostate cancer [25].

In fact, this region was already dubbed, several years
ago, ‘the largest miRNA tumor suppressor cluster’ [13].
Ectopic expression of miR-377 in melanoma cells signifi-
cantly decreased their proliferation and migration rates,
and led to significant reduction in their ability to form
colonies in soft agar, suggesting that miR-377 has tumor
suppressor functions as well.
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Figure 9 A model of the effect of miR-377 on the NF-kB signaling pathway. A schematic model of the potential effect of miR-377 on the
NF-kB signaling pathway in melanoma cells. Silencing of miR-377 upregulates MAP3K7. MAP3K7 phosphorylates and activates the IKK complex,
leading to the phosphorylation, ubiquitination and degradation of NFKB1A. This frees NF-kB, which is then activated, trans-located to the nucleus
and activates transcription of multiple genes.
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Little is known about miR-377 targets. miR-377 was
shown to target FZD4, a gene important for epithelial-
to-mesenchymal transition and to affect migration and
invasion in prostate cancer cells [25]. A recently pub-
lished work, in contrast to our current results, showed
that miR-377 can target CDK6 [26]. MiR-377 was not
shown to target E2F3 until now.

The E2F family of transcription factors controls cell
cycle progression. E2F3 is a potent transcriptional in-
ducer of cell-cycle progression and its amplification was
strongly associated with invasive tumor phenotype and
high tumor grade in a subset of bladder tumors and in
prostate cancer [27,28]. It was recently shown that tar-
geting of E2F3 in melanoma cells by miR-203 inhibited
cell growth and induced cell cycle arrest and senescence
[29]. E2F activity is necessary for the induction of many
genes required for S phase progression and Rb inhibits
cell cycle progression by repressing the transcriptional
activity of E2Fs and their target genes [30]. We found
that E2F3, which is over-expressed in melanoma, is a
direct target of miR-377 and its activity is regulated by
miR-377. E2F1, -2, and -3a proteins are termed “activa-
tors” and facilitate cell cycle progression. In contrast,
E2F3b has been classified as a repressor E2F, and it
negatively controls the cell cycle [31]. E2F3 encodes two
protein products; E2F3a and E2F3b, through the use of al-
ternative promoters and different 5'-coding exons. E2F3a
and E2F3b share DNA binding, hetero-dimerization and
pocket protein binding domains and differ only in their
N-termini [31]. Based on the NCBI database, the se-
quences of the 3’UTR of human E2F3a and E2F3b are the
same. The reduction in E2F3 protein levels that was ob-
served following ectopic expression of miR-377 reflects a
reduction in the overall levels of both E2F3a and E2F3b,
as the antibody used for their detection cannot discrimin-
ate between the two isoforms. Indeed, it is likely that
miR-377 targets both E2F3a and E2F3b, as their predicted
miR-377 binding sites are present in both 3'UTRs. Hurst
el al reported that knockdown of both E2F3a and E2F3b
in bladder cancer cells induced the most significant anti-
proliferative effects compared with knockdown of any one
of them alone. Moreover it has been suggested that
E2F3b, which is known to negatively control the cell cycle,
acts differently when oncogenic stress is present [32].

Additional miRNAs have been shown to down-
regulate E2F3. For example, it was recently shown that
targeting E2F3 by miR-203 in melanoma cells inhibited
cell growth and induced cell cycle arrest and senescence
[29]. MiR-449b was found to play a tumor-suppressive
role by down-regulating E2F3 expression and reducing
the proliferative ability of colon cancer stem cells [33].
MiR-125b was suggested to suppress the development of
bladder cancer by targeting E2F3 [34]. In addition, it has
been reported that E2F1, 2 and 3 are targets of miR-34a
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in colon cancer cells [35]. Taken together, these observa-
tions point to the importance of E2F3 as a key player in
cancer progression. In agreement with these observa-
tions, in our initial miRNAs microarray (described in
[15]), both miR-125b and miR-34a were down-regulated
in melanoma cell lines compared to NHEM; miR-203
and miR-449b were not represented on the array (results
not shown).

We found that MAP3K7 is an additional target of
miR-377. MAP3K7, also known as TAK1 (TGF-B-acti-
vated kinase-1), is a serine/threonine kinase member of
the mitogen-activated protein kinase kinase kinase
(MAP3K) family, which can be rapidly activated in re-
sponse to TGF-P signal transduction [36]. MAP3K7 is a
key regulator of important cellular pathways associated
with the growth of cancer cells (e.g. NF-kB, JNK, and
p38 signaling), and was recently shown to have a role in
proliferation of melanoma cells [22,37]. Inhibition of
MAP3K?7 activity induces cancer cell death in pancreatic
cancer, suggesting that it may be an effective target for
cancer treatment [38]. MAP3K7 regulates both nuclear
factor-kB (NF-kB) and mitogen-activated protein kinase
(MAPK) signaling pathways that play key roles in devel-
opment, cell survival, immune response, metabolism,
and carcinogenesis. It was recently shown to have a role
in proliferation of melanoma cells [37]. Our results corrob-
orate that its levels are elevated in melanoma, and show
that miR-377 directly targets it in the post-transcriptional
level, leading to a decrease in its protein levels following
miR-377 ectopic expression. An additional regulator of
MAP3K?7 is miR-26b which down-regulates MAP3K7 and
inhibits the NF-kB pathway in hepatocellular carcinoma
[39]. In agreement, in our initial miRNAs microarray miR-
26b was also down-regulated in melanoma cell lines com-
pared to NHEM [15].

Although the precise function of MAP3K7 remains ob-
scure, our work along with previous works characterize it
as a tumor promoter in a similar manner to other mem-
bers of the MAP3K family [40]. Knockdown of MAP3K7
in breast cancer cells inhibited both cell adhesion and
invasion and led to reduction of both the incidence and
extent of lung metastasis in a mouse model [41]. Further-
more, inhibition of MAP3K7 activity induces cancer cell
death in pancreatic and breast cancers [38,42], suggesting
that MAP3K7 may be an effective target for cancer treat-
ment. Recent studies also demonstrate that MAP3K7 is
associated with lymphoid malignancies [43]. In contrast,
other works point to MAP3K7 as a tumor suppressor; de-
letion of the MAP3K?7 gene is significantly associated with
high-grade prostate cancer [44] and its loss increased pro-
liferation, migration, and invasion in vitro [45]. Deletion
of MAP3K7 in mice liver resulted in carcinogenesis [46].
These reports imply that MAP3K7 can have different roles
in different systems and suggest the dual functions of
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MAP3K?7 in tumor initiation, progression, and metastasis
as either a tumor promoter or suppressor. The specific role
is probably context-dependent and cell type-dependent.

MAP3K?7 promotes stabilization and activation of NF-kB;
MAP3K?7 phosphorylates and activates the IKK complex,
leading to the phosphorylation, ubiquitination, and deg-
radation of IkBa, which results in release of inhibition and
activation of NF-«kB. The freed NF-«B trans-locates into
the nucleus and activates transcription of multiple genes
involved in pathways controlling immune and inflamma-
tory responses, developmental processes, cellular growth
and anti-apoptosis [47]. NF-kB has a critical role in devel-
opment and progression of many human cancers, includ-
ing melanoma, in which the expression of NF-«B is
up-regulated [48,49]. Suppression of MAP3K7 signaling
by dominant negative MAP3K7 reduced NF-kB activation
in human head and neck squamous cell carcinoma and
breast cancer cell lines [50,51]. In melanoma samples NF-
kB pathway is up regulated, affecting survival, prolifera-
tion, resistance to apoptosis and metastasis [52]. In fact, it
has been demonstrated that up-regulation of NF-kB ex-
pression is involved in both the progression of melanoma
[53] and the increase in its metastatic potential [54].

We found that over-expression of miR-377 decreased
NF-kB-induced luciferase expression by about 50%,
significantly increased the expression of the NF-xB-
inhibitor NFKB1A, and decreased the nuclear fraction of
NE-kB. Our results, taken together, suggest that miR-
377 decreases NF-«B signaling pathway output, probably
through targeting MAP3K7. The decrease in prolifera-
tion, migration and colony formation in melanoma cells
over-expressing miR-377 can be a consequence of the
down-regulation in MAP3K7 and in the activity of the
NEF-kB pathway.

MiRNAs have been suggested to act as master regula-
tors of key cellular pathways. Our work shows that
miR-377 is a key regulator of several cardinal pathways in
melanoma progression: E2F and MAP3K7/NF-«B, render-
ing it a potential new therapeutic target in melanoma.

Conclusions

We show here that the expression of miR-377 is com-
pletely silenced in melanoma cell lines and samples, and
that it directly targets both the transcription factor E2F3
and MAP3K?7, a tyrosine kinase along the MAPK path-
way, known to be important in the activation of the
NE-kB signaling pathway. Ectopic stable over-expression
of miR-377 in melanoma cell lines decreased both E2F3
and MAP3K7 protein levels and led to inhibition of
proliferation, migration and colony formation. We show
that E2F3-induced activity and NF-kB—induced activity
are both inhibited in the presence of miR-377, and that
miR-377 leads to alterations in the protein levels of both
NFKB1A and NF-kB which are in line with decreased
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output of the NF-kB signaling pathway (Figure 9). It is
tempting to speculate that silencing of miR-377 in mel-
anoma unleashes both the E2F3 and NF-kB signaling
pathways, promoting the tumorigenic and metastatic
potential of the cells.

Materials and methods

Cells cultures

Melanoma cell lines were generated directly from meta-
static melanoma lesions of patients at the Surgical
branch of the NIH (mel526, mel624, mel33B1; [55,56]),
or at the ‘Ella institute for melanoma research’ at the
Sheba Medical center (mel-14PA, mell5AY) [57]. Their
melanocytic origin was verified by qRT-PCR for the
melanocyte specific transcript melan-A (Additional
file 3: Figure S2). The cell lines were grown in DMEM/
RPMI medium supplemented with 10% fetal bovine
serum (FBS), 1% Penicillin—Streptomycin (P/S) antibi-
otics, 1% L-glutamine and 2.5% Hepes solution. All
culture medium components were purchased from
Biological Industries. Normal human epidermal melano-
cytes (NHEM, purchased from Promocell) were grown
in melanocyte growth medium according to manufac-
turer’s instructions. NHEM were maintained in culture
for up to 5 cycles. All cells were grown in a 5% CO, in-
cubator at 37°C.

Tumor samples

Formalin-fixed-paraffin-embedded (FFPE) samples of 13
benign nevi or 6 primary cutaneous melanoma were ob-
tained from the pathology institute at the Sheba Medical
Center. The initial diagnosis of melanoma and the
histological type were verified by a pathologist on the
hematoxylin-eosin—stained slides. The tumor or nevus
was macro-dissected from the slide in cases in which the
sample contained normal tissues as well, based on de-
marcations delineated by the pathologist. All Nevi were
benign, intradermal, some with congenital features.
The melanoma samples were of superficial spreading
histology (except for one nodular melanoma), 3 of which
were ulcerated, with thickness varying from 0.3 to
4.3 mm. The study was approved by the ethics commit-
tee of Sheba Medical Center and conducted in adher-
ence to the Declaration of Helsinki protocols.

RNA extraction

Total RNA was extracted from cell lines using Ambion
miRVana™ MiRNA Isolation Kit (Ambion) or Norgen
Total RNA Purification Kit (Norgen). Total RNA from
10 sections of 5 pm FFPE tissues was extracted using the
Qiagen miRNeasy FFPE kit (Qiagen). Quantity and qual-
ity were evaluated using a Nanodrop ND-2000 (Thermo
Scientific) with inclusion criteria of A260/A280 > 1.8.
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mRNA micro-array experimentation and analyses

mRNA expression profiling was performed using Affyme-
trix PrimeView oligonucleotide arrays according to the
manufacturer’s protocol. Briefly, 500 ng of Total mRNA
was used to generate first-strand ¢cDNA by using a T7-
linked oligo (dT) primer. After second-strand synthesis,
in vitro transcription was performed with biotinylated UTP
and CTP (Affymetrix), resulting in approximately 300-fold
amplification of RNA. The target cDNA generated from
each sample was processed using an Affymetrix GeneChip
Instrument System. Spike controls were added to 15 pg
fragmented cRNA before O.N. hybridization. Arrays were
then washed and stained with streptavidin-phycoerythrin,
before being scanned on an Affymetrix GeneChip scanner.
The probe sets contained in the Affymetrix PrimeView
oligonucleotide arrays were analyzed using RMA algorithm.
Hierarchical clustering was performed using Spotfire
DecisionSite for Functional Genomics (Somerville).

Treatment with epigenetic modifiers and protein
inhibitors

For epigenetic modifications, cells were seeded at 50% con-
fluence 8 hr prior to treatment with 5-Aza-2’-deoxycytidine
(5-Aza 10 uM; Sigma) and valproic acid (VPA 1.5 mM;
Sigma) or phenylbutyric acid (PBA 3 mM; Sigma). The
drugs were continuously administered by replacing the
medium every 24 h for 5 days. For pharmacological inhib-
ition on MAP3K7, we used the commercially available in-
hibitor 5Z-7-oxozeaenol at a concentration of 4 mM.

Quantitative real time PCR

MicroRNA

Quantification of miRNAs by TagMan MiRNAs assays
(Applied Biosystems) was carried out as described by
the manufacturer. Briefly, 10 ng of template RNA was
reverse transcribed using the TagMan MicroRNA Re-
verse Transcription Kit and miRNA-specific stem-loop
primers. Target miRNA expression was normalized be-
tween different samples based on the values of Rnul9,
Rnu43 or Rnu48 expression.

mRNA
Total RNA was reverse transcribed using the Takara Pri-
meScript™ RT reagent Kit (Takara). Quantification of
mRNA was carried out by TagMan Gene Expression
Assay. Target gene expression was normalized between
different samples based on the values of Rplp0 expression.

TagMan probes: MiR-377 - (000566), E2F3 Hs00605457_
ml, MAP3K7 Hs01105682_m1.

For non-quantitative RT-PCR, the following primers
were used:

Melan-A: F-ACTCTTACACCACGGCTGAA, R-GCT
GTCCCGATGATCAAACC. Hb2M: F-TTCTGGCCTG
GAGGCTATC, R-TCAGGAAATTTGACTTTCCATTC.
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Cloning and plasmids
The plasmids pMSCV-miR-377 and pMSCV-HTR were
kindly provided by Agami, R [17].

o The fragments of MAP3K7, E2F3, KRAS, and
CDK6 3’ UTR containing the miR-377 target
site were amplified from genomic DNA (primers
details in Table 1), and cloned into a psiCHECK-II
plasmid (Promega) downstream of a reporter
Synthetic Renilla luciferase gene (hRluc) using
Xhol and Notl digesting. Firefly luciferase located
downstream the 3'UTR fragment served as
transfection internal control.

e To generate plasmid with one or more mutations in
the binding site for miR-377, the seed regions were
mutated from GTGTGAA to GATATAA, The E2F3
mRNA has 3 putative miR-377 binding sites; site-1
at 10-16, site-2 at 951-957 and site-3 at 1251-1257
of the 3'UTR, site-1 was change form, CGTGTGAA
to CGATATAA, site -2 was change from TGTGTG
AT to TGATATAT and site -3 was change from
TGTGTGAG to TGATATAG. All mutation
plasmids were generated by using Q5 Site-Directed
Mutagenesis Kit (NEB).

e pGL4 containing two NF-kB DNA-binding sites
linked to a luciferase cDNA sequence gene was
kindly given from the Yinon Ben-Neriah lab [22].

e pGL4 containing three E2F DNA-binding sites
linked to a luciferase cDNA sequence gene was
kindly given from Doron Ginsberg lab [20].

e pRL-CMV Renilla used as an internal control
(Promega).

Luciferase assay

HEK293T or melanoma cells were seeded in 24-well
plates (1 x 10°/well) one day before the transfection.
Cells were transfected with the indicated vectors for
each experiment using Polyethylenimine (PEI, Sigma).
48 h after transfection luciferase activity was determined

Table 1 Primers used to amplify the 3'UTR of the marked
gene form genomic DNA

MAP3K7 F - CCGCTCGAGCTCTGGGACCGTTACATTTTGA

R- TTTTCCTTTTGCGGCCGCTCCAAGAATCACTGCAGGAAGA
E2F3 F - CCGCTCGAG CCCTGCTGCAAGAGGACTATC

R - TTTTCCTTTTGCGGCCGCTGTGCCTACCATTGGGTCAG
KRAS F — CCGCTCGAGTAAGGCATACTAGTACAAGTGGTAA

R - TTTTCCTTTTGCGGCCGCGAACCTAAGTCACCTTCTTCCT
CDKeé F - CCGCTCGAG TTTCCTCCTGAGTGGCAAGC

R — TTTTCCTTTTGCGGCCGCTGGAGAGAAAACAGCAGCCT

Italics letters mark the bases added to the sequences to generate sites for
Xhol or Notl or Pmel.
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using the dual luciferase assay system (Promega) accord-
ing to the manufacturer’s instructions.

Generation of stable melanoma cell lines

Cells were transfected with purified DNA plasmids with
the Lipofectamine™ 2000 Transfection Reagent (Invitro-
gen) according to the manufacturer protocol. 24 h after
transfection, Blasticidin antibiotic (10 pg/ml, InvivoGen)
was added to the cells for selection. Following selection,
the stable ectopic expression of miRNAs was repeatedly
assessed using qRT-PCR.

Determination of protein expression level by western
blotting (WB)
Whole cell lysates were prepared in cell lysis buffer
(50 mM Tis-Hcl, 150 mM NaCL, 0.5% sodium deoxycho-
late, 0.1% SDS, 1% NP-40) and supernatants collected by
centrifugation. The protein concentration was measured
using the Bradford assay (Bio-Rad), and 30 pg of each pro-
tein sample were denatured in SDS sample buffer and sep-
arated on 10-15% SDS—PAGE. Separated proteins were
transferred to nitrocellulose membranes and the blots
were blocked using 5% skim milk in PBST. Proteins were
reacted with the following primary specific antibodies:
GAPDH #2118, Cell-Signaling; E2F3 WH0001871M1, and
MAP3K7 SAB1406506 Sigma; IkB-a (C-15) #sc-203,
NF«B p65 (C-20) #sc-372 (Santa Cruz Biotechnology). De-
tection was carried out with horse radish peroxidase
conjugated to goat anti-mouse IgG (Jackson Immuno-
Research Lab), or goat anti-rabbit IgG (Sigma) followed by
chemiluminescent reaction (Pierce). Densitometric ana-
lysis were done using Image] program.
Nuclear/Cytoplasmic Extraction cells was collected
with 1 ml of ice-cold phosphate-buffered saline and cen-
trifuged for 5 min at 6000 g. The supernatant was dis-
carded, followed by another short centrifugation. The
pellet was suspended in 9 volumes of HL buffer (10 mM
HEPES-KOH, pH 7.5, 10 mM KCl, 3 mM MgCl2, 0.05%
Nonidet P-40, 1 mM EDTA, pH 8.0) and incubated for
30 min on ice, followed by centrifugation for 5 min at
600 g, 4°C. 8 volumes of supernatant was collected into
a new tube containing an equal volume of 2 x GSLB
buffer (90 mM HEPES-KOH, pH 7.9, 500 mM KCI,
0.15% Nonidet P-40, 0.2 mM EGTA, pH 8.0, 20% glycerol),
and defined as the “cytoplasmic fraction”. The rest of the
supernatant was removed, and the pellet was washed with
9 volumes of HL buffer followed by spinning for 5 min at
600 g, 4°C. The pellet was suspended in 1 x GSLB buffer
(50 mM HEPES-KOH, pH 7.9, 250 mM KCI, 0.1% Nonidet
P-40, 0.1 mM EDTA, pH 8.0, 0.1 mM EGTA, pH 8.0, 10%
glycerol), followed by incubation for 30 min on ice. The
tubes were then centrifuged for 10 min, maximum speed,
at 4°C, and the supernatant was collected into a new tube,
and defined as the “nuclear fraction” [58].
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Crystal violet

Melanoma cells (5 x 10%) were seeded in 96-well plates
and viable cell counts were monitored from seeding time
(t=0) to 96 h every 24 h. The cells were fixated with
ethanol 70% and stained with crystal violet 0.1%. The
color was extracted using 1% triton x-100 and absorp-
tion was read at 550 nm.

Transwell migration

Melanoma cells (2 x 10°) were seeded in the upper wells
of a Transwell migration system on ThinCertsTM inserts
with 8-um membranes (Greiner-bio-one) in DMEM sup-
plemented with 0.1% FBS. The lower well contained the
same medium with 10% FBS. After 24 h of incubation,
the upper well content, which contained non-migrating
cells, was vigorously removed using cotton swabs. The
cells that migrated through the membranes were fixated
with 70% cold Ethanol, stained with crystal violet 0.1%
and photographed using the light microscope.

Real-time-cell-analyzer (RTCA)

Melanoma cells were seeded in the xCELLigence DP sys-
tem (Roche Diagnostics GmbH) and incubated for 1-5
days. The xCELLigence system allows for label-free and
dynamic monitoring of cellular phenotypic changes in
real time using impedance as readout. The system mea-
sures electrical impedance across inter-digitated micro-
electrodes integrated on the bottom of tissue culture
E-Plates which is then displayed as cell index (CI). Data
were collected every 20 min automatically by the
analyzer as described in [59]. For verification, a cellular
growth curve was also obtained in parallel using the
crystal violet technique described above. For monitoring
migration, cells were seeded in the upper chamber in the
normal culture medium of the respective cell line with
0.1% FBS. This upper chamber was then placed on the
lower part of the CIM-device containing growth medium
supplemented with 10% FBS as an attractant. Migration
of the cells was followed for 24 h by tracking changes of
the impedance signal in a CIM-plate measured on the
opposing side of the membrane as described in [19].

Soft agar assay

5 x 10° cells were suspended in media containing 0.3%
Select agar (Noble agar, DIFCO) and plated on a bot-
tom layer of media containing 1% Select agar [2% agar
was melted in a microwave oven, mixed 1:1 with
medium (x2 DMEM medium with 20% FCS, 2% P/S
mixture and 2% glutamine)] in a 96-well plate. To en-
able colony formation plates were incubated at 37°C for
3 weeks. Next, growth medium was removed and col-
onies were stained with crystal violet 0.1%. Colonies
were visualized by light microscopy and were photo-
graphed at 5x magnification.
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Statistical analysis

Each experiment was performed in triplicate. Statistical
significance was determined using the Student’s t-test
or using two-way ANOVA. For a single comparison, a
p-value < 0.05 was considered to be statistically significant.

Additional files

Additional file 1: Figure S1. Comparison of mRNA expression in cells
over expressing miR-377 to cell expressing control (A) mRNA expression
profiling was performed using Affymetrix PrimeView oligonucleotide
arrays according to the manufacturer’s protocol. The probe sets
contained in the Affymetrix PrimeView oligonucleotide arrays were
analyzed using RMA algorithm. Hierarchical clustering was performed
using Spotfire DecisionSite for Functional Genomics (Somerville). The
location of CDK6, MAP3K7, KRAS and E2F3 is shown. A heat-map of
these probes is shown separately (B; each gene has a few probes on
the CHIP array).

Additional file 2: Data of mRNA expression array of melanoma cells
mel-14PA or mel33B1 stably over-expressing either miR-377 or HTR
control RNA.

Additional file 3: Figure S2. Melan A expression in the melanoma cell
lines. Total RNA was extracted form mel33B1 or mel-14PA melanoma cell,
or from Skin squamous cell carcinoma (SCC). RNA was subject to RT-PCR
assay using specific primers to Melan-A or hB2m.
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