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Loss of microRNA-200a and c, and microRNA-203
expression at the invasive front of primary cutaneous
melanoma is associated with increased thickness and disease
progression
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Abstract Loss of E-cadherin expression in melanoma corre-
lates with increased tumor thickness and reduced disease-free
survival. The molecular mechanisms underpinning its differ-
ential expression in melanoma tissue remain elusive. Micro-
RNAs (miRNAs) have been implicated in tumor progression

and regulation of E-cadherin expression. Here, we demonstrate
a significant correlation between tumor thickness and loss of
expression of miR-200a, miR-200c, and miR-203 in a series of
23 frozen primary melanomas, where it was confirmed in two
subsequent validation series (series 1: six nevi, 15 primary
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melanomas, and 16 metastases; series 2: 11 matched pairs of
primary melanomas andmetastases). Decreased levels of miR-
200a, miR-200c, and miR-203 correlated with increasing
thickness in the combined validation series (P00.024, 0.033,
and 0.031, respectively). In addition, progressive loss of miR-
200a expression with disease progression was observed in
series 1 (P<0.001) and in series 2 (P00.029). MiR-200 in situ
hybridization and E-cadherin immunohistochemistry demon-
strated reduced expression of both at the deep invasive margin
of the tumor. Furthermore, a functional validation study using
an anti-miR200 strategy demonstrated that loss of miR-200
expression in melanoma cell lines reduced E-cadherin expres-
sion. Collectively, our data point towards an important role for
miR-200 and miR203 expression in regulating E-cadherin
during melanoma progression.

Keywords E-cadherin .Melanoma progression .Melanoma
thickness . Mesenchymal characteristics . MicroRNA 200
family

Introduction

Epithelial–mesenchymal transition (EMT) is associated with
increased malignancy of carcinomas [1]. EMT increases mi-
gratory and invasive capacities of tumor cells and can prevent
apoptosis and senescence. Dissolution of E-cadherin-mediated
adhesion is a key preliminary step in EMT. Throughout tumor
progression, melanoma cells accumulate mesenchymal charac-
teristics [2–4]. In culture, loss of E-cadherin correlates with the
metastatic potential of melanoma cells and with the ability of
keratinocytes to modulate expression of melanoma progression
markers like MelCAM [5]. Accumulation of mesenchymal
traits by melanoma cells in tissue is not as evident as in cell
lines. This is not only because of the enormous cytological
variation between primary cutaneous melanomas, but also
because phenotypic differences within a given melanoma in
which mesenchymal-like spindle cell areas may alternate with
areas in which the melanoma cells assume a more epithelial-
like aspect. Furthermore, invasive melanoma cells in tissue
commonly lack spindle morphology [6]. Loss of E-cadherin
expression has been reported to correlate with increased thick-
ness [7] and reduced survival [8]. However, E-cadherin expres-
sion in melanoma may be quite heterogeneous [9].

Canonical and noncanonical Wnt signaling modulate E-
cadherin expression [10]. Fibroblast growth factor, Hedgehog,
transforming growth factor β (TGFβ), and noncanonical Wnt
signals synergistically induce EMT regulators, such as, Snail,
Slug, TWIST, and the E-cadherin repressors ZEB1 and 2. High
Snail protein expression is observed in melanoma [11] and can
induce immune suppression via induction of regulatory T cells
and impairment of dendritic cell function [12]. Our previously
published gene expression study in primary melanoma

demonstrated a correlation between overexpression of Snail
and poor 4-year distant metastasis-free survival (DMFS) [13]
and supported the hypothesis that mesenchymal traits of mel-
anoma cells is associated with poor prognosis.

In addition to Wnt signaling, E-cadherin expression can
be modulated by differential expression of microRNAs
(miRNAs). MiR-9 directly targets the E-cadherin encoding
messenger, CDH1 [14]. Conversely, miR-200 family mem-
bers (miR-141; miR-200a, b and c; and miR-429) target
transcriptional repressors of E-cadherin, i.e., ZEB1 and
ZEB2, in breast, ovarian, and pancreatic cancers [15–17]
and various tumor cell lines [18]. Although target prediction
algorithms predicted little overlap in the targets of miR-200
family members, experimental approaches suggested that
their sets of targets are highly overlapping [18].

Using a large set of fresh frozen nevi, primary melano-
mas, and melanoma metastases, we demonstrate that expres-
sion of miR-200a and miR-200c correlate with melanoma
thickness and metastasis. These findings were validated by
quantitative PCR, miRNA in situ hybridization, and func-
tional validation studies. Collectively, our data support the
hypothesis that loss of miR-200 and miR-203 expression in
melanoma increases mesenchymal characteristics and that
this can contribute to progression.

Materials and methods

Tissues

All tissue samples were retrieved from the pathology
archives at the University Hospital Leuven, Leuven, Belgium.
The pertinent histological and clinical features are listed in
Supplemental Tables S1–S3. Representative tissue parts
were snap frozen in liquid nitrogen-cooled isopentane
and stored at −80 °C until used. Sampling, storage, and
use of these samples were performed according to require-
ments of the Local Ethical Committee. For miRNA in situ
hybridization, formalin-fixed and paraffin-embedded tissue
blocks were retrieved from pathology archives of the
Radboud University Nijmegen Medical Centre. Tissues
were obtained according to local ethical guidelines and
approved by the local regulatory committee.

Preparation of total RNA and cDNA for miRNA profiling

Depending on the size of the sample, 20 to 40 sections
(10 μm) were cut from frozen tissue blocks containing more
than 75 % melanoma or nevus cells as evaluated from
hematoxylin and eosin-stained sections. Sections were lysed
immediately in 1 ml TRIzol (Invitrogen) and RNA was
extracted subsequently according to the manufacturer’s pro-
tocol. Absence of DNA contamination and RNA integrity
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were analyzed on a Bioanalyzer (Agilent Technologies).
RNA integrity number (RIN) higher than 7.5 and, in most
cases, higher than 9 were obtained.

Total RNA (8 ng) was reverse transcribed using 50 nM
stem–loop RT primer and MultiScribe Reverse Transcriptase
(Life Technologies) according to the manufacturer’s protocol.
The expression of total 158 mature human miRNAs was
analyzed using specific miRNA primers available from Life
Technologies (Supplemental Table S4).

Real-time quantitative PCR

Real-time PCR was performed using the standard Taq-
Man protocol using Applied Biosystems reagents and an
Applied Biosystems 7900 High Throughput Sequence
Detection System. All reactions were run in duplicate.
Mean Treshold Cycle (Ct) value was determined as me-
dian of two reads. In order to provide robust data, only
values below 32 Ct were considered as specific and
values above 32 CT were considered as missing data.
This resulted in the exclusion of 29 miRNAs for further
analyses, leaving a total of 129 miRNAs in the discovery
phase of the study (Supplemental Table S4). Change in
expression was determined by calculating the 2−ddCt value
[19]. MiRNA expression was normalized to let-7a expression.
Normalization to any calibrator sample had very low influence
on the overall data (data not shown), demonstrating high
quality total RNA purification.

Statistical analysis

The Pearson correlation coefficient between the normalized
Ct value of a miRNA and primary tumor thickness was
determined. A stratified correlation coefficient was calculat-
ed for the analysis of association between expression and
tumor thickness after combining all data from the two val-
idation series, thereby controlling for possible batch effects
[20]. DMFS was defined as the time interval between the
diagnosis of the primary cutaneous melanoma and a distant
metastasis and statistical differences assessed by a logrank
test. Patients alive without distant metastasis or who died of
causes not related to melanoma were censored at the date of
last follow-up or at the date of death, respectively. An
analysis of variance was applied to test for the difference
in expression between nevi, tumors, and metastases. The
paired t test was used for paired analysis of miRNA expres-
sion in the matched series of primary melanomas and me-
tastases. Because of multiple testing, p values were adjusted
for the False Discovery Rate (FDR) criterion [21]. P values
from the stratified correlation analyses are based on an
empirical permutation distribution and were not further ad-
justed. The t test for equality of means for independent
samples (equal variance not assumed, two-tailed) was used

to determine the difference in CDH1 expression in cell lines
after miR-200c silencing.

In situ hybridization for miR-200c and E-cadherin
immunohistochemistry

Consecutive tissue sections of formalin-fixed and paraffin-
embedded primary melanomas (n010) were prepared.
MiRNA in situ hybridization was performed on 6-μm sec-
tions according to our previously described protocol [22]
with minor modifications. A 5′- and 3′-end digoxigenin-
labeled LNA/DNA oligonucleotide designed to hybridize
to miR-200c ([18]; 5′-CCATCATTACCCGGCTGTATTA,
underlined nucleotides indicate LNA bases, Exiqon, Ved-
baek, Denmark) was hybridized to the tissue section over-
night at 55 °C. MiR-200c was visualized using alkaline
phosphatase-conjugated anti-digoxigenin Fab fragments
(Roche), nitro blue tetrazolium, and 5-bromo-4-chloro-3′-
indolyphosphate. The consecutive 4-μm sections were
stained for E-cadherin as described previously [23].

MiR-200c silencing

E-cadherin-expressing human melanoma cell lines 888Mel,
1 F6, and SK-Mel28 were cultured as described previously
[23, 24]. Exponentially growing cells were transfected with
20 nM thioacetylated LNA–DNA oligo towards miR-200c
(5′-CCATCATTACCCGGCTGT ATTA) or a thioacetylated
LNA–DNA scrambled oligo (Exiqon) using X-tremeGENE
siRNA transfection reagent (Roche) according to the sup-
plier’s protocol. Two days after transfection, cells were
harvested and plated in a 6-well plate at 60 % confluence
and the transfection protocol repeated. The remaining cells
were used for total RNA extraction (NucleoSpin RNA II,
Macherey-Nagel, Düren, Germany). A total of three trans-
fections were performed. cDNA was prepared using 0.5 μg
total RNA, oligo-dT primers, and Moloney Murine Leuke-
mia Virus Reverse Transcriptase (Promega) according to the
supplier’s protocol. cDNA was diluted five times and 5 μl
was used for qPCR using Power SYBR Green Universal
Master Mix (Applied Biosystems), and a CDH1-specific
primer pair (NM_004360.3, 5 ′-ATGAGTGTCCCC
CGGTATCTT and 5′-CAGCCGCTTTCAGATTTTCATC)
in 25 μl. All samples were normalized for GAPDH expres-
sion (NM_002046.3, 5′-GAACCTGACCTGCCGTCTAG,
5′-CCTGCTTCACCACCTTCTTGA). A preliminary prim-
er validation study revealed that the slope of the standard
curves for both CDH1 and GAPDH was between 2.9 and
3.2. Normalized Ct values for CDH1 expression for scram-
bled and anti-miR-200 oligo-transfected cells at t00 was set
at 100 % and used to calculate change in CDH1 expression
for all other time points. The experiment was performed
three times in triplicate.
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Results

Discovery phase for miRNAs associated with progression

For the discovery phase of the study, miRNAs were isolated
from fresh frozen primary cutaneous melanomas from 23
different patients (median Breslow thickness 3.68 mm; range
0.44–15.64; Table S1). Of these patients, 12 patients did not
develop distant metastases during a follow-up of at least
4 years. Expression of 159 different miRNAs was measured
in triplicate by qPCR. Thirty miRNAs were subsequently
excluded from further analyses because reproducible quantifi-
cation failed. Statistical analyses of the remaining 129
miRNAs (Supplemental Table S4) identified 11 miRNAs
which expression strongly correlated with tumor thickness
(p<0.01 and FDR<0.08, Table 1). The most significant

miRNAwas miR-203: its expression strongly decreased with
increasing tumor thickness (p<0.001, FDR<0.002).

Two miRNAs demonstrated a significant correlation with
DMFS or death due to the disease. Loss of miR-203 expres-
sion was associated with reduced DMFS (logrank p00.006),
whereas increased expression of miR-130b was associated
with better DMFS (logrank p00.008). However, for both
miRNAs, the FDR was high (FDR00.25).

Validation phase: unmatched and matched series

To replicate the possible associations with progression, we
subsequently analyzed expression of nine miRNAs (miR-
17.5p, 106a, 130b, 150, 200a, 200c, 203, 205, and 335) in a
second unmatched series of melanocytic lesions (six ac-
quired nevi, 15 primary melanomas (median thickness
4.20 mm, range 0.94–9.28), and 16 melanoma metastases).
qPCR analyses revealed significantly different expressions
of miR-200a, miR-200c, and miR-203 (Fig. 1; ANOVA, p<
0.001, FDR<0.001), with miR-203 being the most signifi-
cant. To confirm the progressive decrease in expression with
progression to metastasis, their expression was determined
in a third matched set of 11 primary cutaneous melanomas
(median thickness 4.27 mm, range 0.59–5.57) and their
corresponding locoregional (n010) or distant (n03) metas-
tases (Supplemental Table S3). A paired t test confirmed a
significant difference for miR-200a (p00.029, FDR<0.08),
but not for miR-203 (p00.08) and miR-200c (p00.07).
However, the expressions of the three miRNAs were very
highly correlated between each other (all three pairwise
correlation coefficients>0.84, p<0.002).

We next analyzed whether expression of the three miRNAs
correlated with tumor thickness by combining the two valida-
tion studies (26 primary melanomas, median thickness 4.1 mm
(range 0.59–9.28)). For each miRNA, a correlation coefficient
stratified by series was calculated in order to control possible
batch effects [20] and found a significant correlation with
tumor thickness for each miRNA (p00.024, 0.033, and 0.031
for miR-200a, miR-200c, and miR-203, respectively).

Table 1 Pearson correlation coefficient between normalized Ct values
and tumor thickness

Name p valuea FDRb Correlationc

miR-203 0.000 0.002 0.788

miR-205 0.000 0.018 0.713

miR-200b 0.001 0.026 0.698

miR-200a 0.002 0.056 0.661

miR-130b 0.002 0.056 −0.606

miR-200c 0.004 0.067 0.582

miR-335 0.004 0.067 0.581

miR-150 0.004 0.068 0.574

miR-106a 0.006 0.079 −0.553

miR-17-5p 0.007 0.079 −0.550

miR-302c* 0.007 0.079 0.585

a Pearson correlation between expression and tumor thickness
bP value adjusted for the false discovery rate
c A positive correlation indicates that miRNA expression decreases
with tumor thickness
* the standard annotation to identify that this is the miR302 passenger
strand

Fig. 1 Box plot presentation of
miR-200a, miR-200c, and miR-
203 expression in nevi, mela-
noma, and melanoma metasta-
ses. Ct values for the miRNAs
in nevi, melanoma, and mela-
noma metastases were normal-
ized to Let7 and 18S and
expressed as 2−Ct
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In situ detection of miR-200c and E-cadherin expression
in primary melanoma

It has been established previously that downregulation of
miR-200a and miR-200c increases ZEB1/2 expression and
that it downregulates E-cadherin expression in vitro [25]. To
demonstrate this correlation in melanoma tissue, a chromo-
genic in situ hybridization assay for miR-200c was performed
using a LNA–DNA oligo [18]. A total of ten superficial
spreading primary melanomas with clear vertical growth
phase were analyzed. Consecutive tissue slides were stained
for E-cadherin. Strong miR-200c and E-cadherin expressions
were observed in epidermis and hair follicles of the skin and
served as an internal positive control. This strong and positive
correlation between miR-200c and E-cadherin expressions in
nontumor tissue strongly suggests specific hybridization sig-
nals. These analyses demonstrated that loss of miR-200c
expression coincides with loss of E-cadherin expression in
all tumors analyzed. The weakest hybridization signal at the
deep invasive margin of the melanoma (Fig. 2, representative
staining) confirmed the progressive loss of miR-200c with
increasing thickness. Loss of miR-200c and E-cadherin ex-
pression did not correlate with clear mesenchymal cell mor-
phology: cells lacking E-cadherin did not display an obvious
spindled shape. However, a case of spindle cell melanomawas
entirely negative (Supplemental Fig. S1).

Downregulation of miR-200 in melanoma cell lines

To demonstrate a possible causal relation between loss of
miR-200c and E-cadherin expressions, E-cadherin express-
ing melanoma cell lines 888Mel, 1 F6, and SKMel28 were
transfected with a LNA–DNA oligo that was previously
shown to antagonize miR-200c [18]. Three rounds of trans-
fection with anti-miR-200c resulted in decreased CDH1
expression in all three cell lines, whereas transfection with
the scrambled control LNA–DNA oligo did not (Fig. 3). At
6 days post-transfection, mean CDH1 expression was re-
duced to 43 % (SEM05.8, n03, P00.008) in 1F6 cells
compared to scrambled control (Fig. 3a), 44 % for 888Mel
cells (SEM06.9, n03, P00.014, Fig. 3b), and 60 % in
SKMel28 cells (SEM06.9, n03, P00.031, Fig. 3c). These
data suggest a causal relationship between miR-200c and E-
cadherin expressions in melanoma. Additional transfections
did not further decrease CDH1 expression and expression
returned to normal levels within 1 week after the last trans-
fection (data not shown).

Discussion

In this study, we demonstrate that loss of miR-200a, miR-
200c, and miR-203 expression in melanoma correlates with

tumor thickness, and their progressive loss in a series of
matched primary tumors and associated metastases strongly
suggest a possible association with disease progression.
Loss of miR-200c and E-cadherin expression was exclusive-
ly observed that the invasive front and in in vitro experi-
ments support a causal relation between loss of miR-200c
and E-cadherin expression.

Loss of miR-200 family members in melanoma has been
described previously [26], but not in the context of tumor
thickness, localization of expression with the tumor, and

Fig. 2 In situ detection of miR-200 and E-cadherin. Consecutive
tissue sections were subjected to E-cadherin immunohistochemistry
(a–d) and miR-200c in situ hybridization (e–h). A subcutaneous me-
tastasis (a, e) displays no E-cadherin (a) and miR-200c (e), whereas
high E-cadherin (red AEC staining) and miR-200 expression (blue
NBT-BCIP staining) was observed in the adjacent hair shaft (asterisk).
In primary melanoma (b–f), a progressive loss of both E-cadherin (b)
and miR-200c (f) can be seen with increasing thickness. At higher
power view of the subepidermal component (c, g), clear membranous
E-cadherin staining of the overlying epidermis and strong membranous
staining of melanoma cells can be seen (c). Strong miR-200c expres-
sion was observed in epidermis and melanoma cells (g). In the deep
dermal component, low and predominantly membranous E-cadherin
expression was detected (d, arrow) but miR-200c expression was not
observed (h)
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progression towards a metastatic melanoma phenotype. Re-
cently, reduced expression of miR-200 family members was
observed in a series of melanoma metastases compared to a
series of unrelated primary melanoma [27]. Our work sig-
nificantly refines these observations by visualizing the grad-
ual loss of miR-200c and E-cadherin expression in primary
melanoma, with maximal loss of expression at the most
invasive component of the tumor. Furthermore, using pairs
of melanoma metastases and the primary melanomas from
which they originated, we could demonstrate loss of miR-
200a, c, and miR-203 expression with advanced stages of
disease for individual. Therefore, our data support the hy-
pothesis that loss miR-200a, c, and miR-203 correlates with
melanoma progression towards metastases.

The mechanism by which loss of miR-200a, c, and miR-
203 contributes to melanoma metastasis remains elusive and
their role in metastasis is subject of debate. Previous observa-
tions suggest that miR-200c expression can suppress migration
of carcinoma cells [18, 25, 28, 29]. However, in melanoma cell
lines, miR-200 family members do not inhibit cell migration
but have profound effects on melanoma cell morphology and
mode of melanoma cell invasion in 3D matrices [30]. MiR-
200c overexpression drives the nonmesenchymal amoeboid
form of invasion in type I collagen gels [30]. A different study
demonstrated that melanoma cells can express markers of
amoeboid invasion at the invasive front of melanomas, which
most often consists of cells without a spindledmorphology [6].
In that study, miR-200c expression was not analyzed. Our data,
however, demonstrate that loss of miR-200c expression occurs
at the invasive front and argues that miR-200c-mediated ame-
boid invasion in 3D culture models with its known limitations
[31] is not representative for melanoma invasion in tissue. A
recent study using a breast cancer cell line suggests a biphasic
role of miR-200 family members in metastasis in which their
expression can hinder tumor cell dissemination and entry into
circulation but that it can support outgrowth at a secondary site
[32]. Our data, however, demonstrate that loss of miR-200c
expression occurs at the invasive front and that its expression
in metastases is significantly lower compared to primary lesion
fromwhich it originated. This may suggests that the metastases
originated from the miR-200-negative cells at the invasive

front. The discrepancies between our data, miR-200c-
mediated mode of invasion in 3D culture models, and the

�Fig. 3 Anti-miR-200c reduced E-cadherin expression in melanoma.
Consecutive rounds of transfection of three different E-cadherin-
expressing melanoma cell lines 1F6 (a), 888Mel (b), and SKMel28
(c) with the LNA–DNA oligo-targeting miR-200c resulted in a pro-
gressive decrease in E-cadherin (CDH1) expression as measured by
qPCR in all cell lines (solid line) compared to scrambled control
transfected cells (dashed line).Six days after transfection, mean
CDH1 expression levels in 1F6, 888Mel, and SKMel28 cells were
reduced to 43 % (P00.008), 44 % (P00.014), and 60 % (P00.031) of
that of control cells, respectively. Arrows indicate time points of
transfection. Data is expressed as the percentage of expression of
scrambled control transfected cells. Error bars indicate the standard
deviation of three different experiments, each in triplicate
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possible biphasic effect of the expression of miR-200 family
members in melanoma warrants further investigations.

The contribution of miR-200 a and c to tumor progression
most likely extends beyond its ability to modulate invasion via
the ZEB/miR-200/E-cadherin axis. Our data demonstrate a
very strong correlation between miR-200a, c, and miR-203
expressions. ZEB1, in addition to repressing E-cadherin tran-
scription, also represses miR-203 expression [17]. It has been
proposed that miR-203 is a keymolecule repressing expression
of epithelial differentiation by ‘stemness’-related genes [33,
34], such as, the stem cell-related transcription factors BMI1
[35] and SOX2 [17]. Expression of Sox2 has been documented
in melanoma cells with presumed stem cell or tumor-initiating
characteristics, in particular, at the invasive front of primary
cutaneous melanoma [36, 37]. A stem cell-like phenotype is
associated with the cell’s ability to grow in an anchorage-
independent manner. Loss of miR200a and c may, therefore,
be important for cells to acquire this ability. Although we were
not able to maintain long-term down regulation of miR200c
expression using anti-miR-200c that allowed us to test if loss of
miR-200c loss increased colony formation in soft agar (data
not shown), others have demonstrated that forced expression
of miR-200c in A375melanoma cells reduced their capacity to
grow in soft agar [27]. This suggests that loss of miR-200c
could indeed promote anchorage-independent growth. The
observations that ZEB1 expression is necessary for TrkB-
mediated suppression of anoikis in rat intestinal epithelial and
kidney cells [38] and that TrkB expression is predominantly
observed in the invasive growth component of melanoma [39]
lend further support to additional effects of disturbing the ZEB-
miR200 equilibrium beyond that of modulating E-cadherin-
mediated cell adhesion in melanoma cells.

Our results demonstrate a clear and highly significant cor-
relation between loss of miR-200a, c, and miR-203 expression
at the invasive front of melanoma, which is casually related to
loss of E-cadherin expression. Expression of these miRNAs is
strongly reduced in melanoma metastases compared to the
matched primary tumors. Several lines of research point to a
variety of effects of miR-200 activity in different tumor types
and cell lines. If and how these are relevant for melanoma
progression warrants further investigations.
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