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ABSTRACT

A substantial number of ductal carcinoma in situ (DCIS) detected by
mammography never progress to invasive ductal carcinoma (IDC) and current
approaches fail to identify low-risk patients not at need of adjuvant therapies. We
aimed to identify the key miRNAs protecting DCIS from malignant evolution, that may
constitute markers for non-invasive lesions.

We studied 100 archived DCIS samples, including pure DCIS, DCIS with
adjacent IDC and pure DCIS from patients with subsequent IDC in contralateral
breast or no recurrence. A DCIS derived cell line was used for molecular and cellular
studies.

A genome wide study revealed that pure DCIS has higher miR-126 and miR-218
expression than DCIS with adjacent IDC lesions or than IDC. The down-regulation
of miR-126 and miR-218 promoted invasiveness in vitro and, in patients with pure
DCIS, was associated with later onset of IDC. Survival studies of independent
cohorts indicated that both miRNAs play a protective role in IDC. The clinical
findings are in agreement with the miRNAs’ roles in cell adhesion, differentiation
and proliferation.
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We propose that miR-126 and miR-218 have a protective role in DCIS and
represent novel biomarkers for the risk assessment in women with early detection

of breast cancer.

INTRODUCTION

Breast cancer (BC) is characterized by several
histological and genetic distinctive features, which lead to
substantial differences in treatment and clinical outcomes
[1, 2]. After the advent of screening mammography,
the proportion of detected early carcinomas increased
substantially and only 20% of them were expected to
progress, which implied a high number of over-diagnosed
lesions [3]. Well-established models of breast cancer
evolution propose an apparently continuous but non-
obligatory progression through a series of increasingly
abnormal stages, including the carcinoma in situ. Ductal
carcinoma in situ (DCIS) represents 20-25% of newly
diagnosed BC in industrialized countries and up to 40%
of DCIS lesions progress to invasive carcinoma (IDC) if
untreated [4]. Similarly to IDC, DCIS is a heterogeneous
group of breast lesions and the potential for progression
to invasive carcinoma varies among the molecular
subtypes [5-9]. The evaluation of clinical biomarkers
in adjacent DCIS and IDC allowed determining that
different degrees of aggressiveness characterize DCIS
lesions with high heterogeneity in the same patient. An
intra-tumor genetic heterogeneity was also observed in
adjacent DCIS and IDC, indicating that tumor cells with
specific genetic and/or epigenetic variants may be selected
during progression [10—12]. Definitely and at variance
with IDC, neither traditional classification systems, nor
molecular characterizations can reliably predict whether
DCIS will progress. In addition, the intracellular pathways
that control progression to IDC are still largely unknown,
making it difficult to identify either robust biomarkers or
therapeutic targets for DCIS.

Since present approaches do not allow accurate risk
stratification, low-risk patients are particularly poorly
defined in terms of need for adjuvant therapies, with
subsequent generation of short-term and/or long-term
effects affecting all-cause mortality. It is then clearly
emerging that efficient diagnostic assays predicting the risk
of recurrence and/or progression of each DCIS will play a
crucial role in the selection of individual therapy [13].

MicroRNAs (miRNAs), conserved single-stranded
RNA molecules, are non-coding RNAs that post-
transcriptionally regulate gene expression. MiRNAs
control many cancer hallmarks such as proliferation,
growth suppression, cell death, angiogenesis, invasion and
metastasis, but also genome instability and inflammation
[14]. Although several studies have investigated miRNAs
in many aspects of breast cancer [15, 16], lesser attention
has been devoted to the progression of DCIS to IDC.
In addition, due to tumor heterogeneity, large variation
exists among the few available miRNA profiles of DCIS,

performed in very small cohorts and not investigated,
however, for their functional properties [12, 17, 18].

Our work was aimed to identify miRNAs with an
effective role in the path/s from in situ to invasive BC.
This study includes formalin-fixed tumor samples from
4 DCIS patient groups: a test cohort of pure DCIS and
three validation cohorts formed by pure DCIS, DCIS with
adjacent IDC, pure DCIS from patients with, and without
subsequent IDC in contralateral breast.

RESULTS

miR-126 and miR-218 are elevated in pure DCIS

To gain new insights into the miRNomics of DCIS, we
profiled a collection of 30 pure in situ breast tumors (Cohort
1) by performing RNAseq on small RNA. The expression
of 1222 different mature miRNAs was measured across all
DCIS samples. The miRNA-Seq profiles were compared to
those of other DCISs from the Farazi’s cohort [17] and of
IDCs from the TCGA cohort. miR-125b, miR-126, miR-
218 and miR-195 were over-expressed in DCIS vs. IDC
(P <0.001) and their over-expression was confirmed in the
small Farazi DCIS cohort (P < 0.001) (Figure 1A). Among
these miRNAs we successfully cross-validated miR-126
and miR-218 when using the samples from the Norway
study by Sorlie and coworkers [12] (Supplementary Figure
1). miR-210 was previously reported to be associated with
DCIS malignant transition [18] and this study confirmed its
over-expression in DCIS with respect to normal tissues (P <
0.001), but not to IDC (Figure 1A).

We then studied the levels of validated miR-126
and miR-218 in patients with DCIS adjacent to invasive
carcinoma (Figure 1B). Digital RT-PCR after laser capture
micro-dissection revealed that the DCIS samples with
adjacent IDC (Cohort 3, n = 30) expressed lower amount
of miR-126 and of miR-218 than pure DCIS (Cohort 2,
n=17) (Figure 1C).

miR-126 and miR-218 inhibit epithelial-to-
mesenchymal transition and invasion in DCIS-
derived cells

The ability of miR-126 and of miR-218 to regulate
markers of the epithelial-to-mesenchymal transition
(EMT) was evaluated in MCF10DCIS cells upon treatment
with either specific mimics or inhibitors. Two miRNAs
often lost in breast cancer, miR-125b and miR-195 [16],
were also included in the assay. The levels of the epithelial
marker E-cadherin were significantly reduced (P =
0.008) by miR-126 inhibitor and were increased by the
over-expression of either miR-126 (P = 0.003) or miR-

www.oncotarget.com

Oncotarget



218 (P = 0.02). Concurrently, the inhibition of the two
miRNAs induced a significant increase (P = 0.02, P =
0.04, respectively) in the mesenchymal marker Vimentin
(Figure 2A, 2B). As visualized by plotting the E-cadherin/
Vimentin ratio, high levels of miR-126 and miR-218
led to the prevalent expression of the epithelial marker
while their inhibition promoted the predominance of the
mesenchymal marker (Figure 2C).

Since E-cadherin is a major component in the
motility circuit activated during EMT [19], the impact
of miR-126 and miR-218 on motility and invasion was
determined in DCIS-derived cells treated with mimics
or inhibitors. xCELLigence real-time analysis on
MCF10DCIS cells in which each miRNA was modulated
showed that the inhibitors of miR-126 or miR-218
increased the invasion rate through Matrigel (P = 0.03, P
= 0.04, respectively) while their mimics had the opposite
effect (P = 0.04, P = 0.03, respectively) (Figure 3A,
Supplementary Figure 2B). The effects of miR-126 and
miR-218 were independent, since the invasion scores in
MCF10DCIS treated with the miRNAs inhibitors were
additive. Under the same conditions, we failed to detect

any significant change in the cell proliferation index
(Supplementary Figure 2A) as well as any effect on cell
cycle (data not shown). Finally, invasiveness was not
influenced by co-treatment with inhibitors of other down-
regulated miRNAs in IDC such as miR-125b or miR-195
(Figure 3B).

The effects of miR-126 and miR-218 on cell
invasion were evaluated in the low invasive BT-474 and
in the highly invasive MDA-MB-231 cells, demonstrating
that inhibition of each of the two miRNAs increased the
ability of both cell lines to pass through Matrigel, while
the use of mimics significantly reduced the invasiveness
of the MDA-MB-231 cells (Figure 3C).

Clinical significance of miR-126 and miR-218 on
the outcome of DCIS and IDC patients

To evaluate the prognostic potential of miR-126 and
miR-218 we investigated their expression in the DCIS
from a set of rare but highly relevant BC patients (Cohort
4, n = 23): those that subsequently to DCIS developed a
contralateral IDC, i.e. the later appearance of an invasive
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Figure 1: The expression of miR-126 and miR-218 is elevated in pure DCIS but not in DCIS adjacent to IDC. (A)
Box plots showing the difference in expression of miR-125b, miR-126, miR-195, miR-218 and miR-210 in DCIS (Cohort 1, n = 30),
in the Farazi cohort (DCIS Farazi, n = 7) and in the invasive ductal carcinoma subtypes of the TCGA cohort (Norm: Normal, n = 100;
HER2: HER2 enriched, n = 56; LumA: Luminal A, n = 226; LumB: Luminal B, n = 120; BL: Basal-like, n = 89; NL: Normal-like, n =
8). Expression levels of miRNAs (reads per million, rpm) were log2 transformed. (B) Representative haematoxylin and eosin (H&E)
stained section of breast tumors containing adjacent DCIS and IDC lesions (Cohort 3, n = 30). Bar = 100 um. (C) Droplet Digital RT-PCR
analysis of miR-126 and miR-218 in micro-dissected sections of pure DCIS (Cohort 2, n = 17) and adjacent DCIS and IDC (Cohort 3). The
expression levels of each miRNA are indicated as log2 ratio over its cohort median level.
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carcinoma in the other breast. This particular set up was
chosen to define a cohort enriched in high-risk DCIS
patients. We studied micro-dissected primary unilateral
pure DCISs from patients who developed a subsequent
contralateral IDC (“high-risk”, n = 11), pure DCIS from

patients with no recurrence (“low-risk”, n = 12), and
unrelated IDC (n = 20). Again, the levels of miR-126
and miR-218 were significantly higher (P = 0.002, P =
0.0012, respectively) in indolent DCIS (Figure 4A). The
levels of both miRNAs in the high-risk DCIS were similar
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Figure 2: miR-126 and miR-218 inhibit the expression of EMT markers in MCF10DCIS cells. (A) Representative Western
blot analysis of total lysates from MCF10DCIS cells transfected with miRNA inhibitors and mimics, or with their respective negative
controls (NC). Random sequences were used as negative controls (NC) and to rule out any contribution from miRNAs in serum. Immune
revelation was performed with anti-E-cadherin and anti-Vimentin antibodies. f-Tubulin was blotted as a control of loaded proteins.
(B) Relative levels of E-cadherin and Vimentin, normalized on -Tubulin, as determined by densitometry after Western blot. The mean
expression level of three separate experiments + SD is shown. (C) Bar plot of the E-cadherin/Vimentin ratio, as measured in B. The relative
predominance of E-cadherin over Vimentin upon miRNA treatment established the role of miR-126 and miR-218 in the inhibition of the
epithelial-to-mesenchymal transition.
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Figure 3: miR-126 and miR-218 inhibit invasion in DCIS and IDC cell lines. (A) xCELLigence-driven dynamic monitoring of
invasion through Matrigel of MCF10DCIS cells transfected with miRNA mimics or inhibitors, or with negative controls (random sequences
used as to baseline contributions from miRNAs in serum.). The slope analysis of invasion, that describes the steepness, incline, gradient,
and changing rate of the Cell Index curves over time, is shown. In each experimental condition, fold changes in the slope compared with
NC is reported. (B) Slope analysis of cell invasion after treatment with miRNA inhibitors, single or in combination. (C) BT-474 and MDA-
MB-231 cells were transfected with miRNA mimics or inhibitors, or with negative controls (NC), and subjected to dynamic monitoring of
invasion through Matrigel. In each experimental condition, fold changes in the slope compared with NC is reported. The results are shown
as the mean of three separate experiments + SD.
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to those of the IDC. When miR-126 and miR-218 were
compared in the same sample, almost all high-risk DCIS
expressed low levels of both miRNAs (Figure 4B).

To further investigate the clinical relevance of miR-
126 and miR-218 in BC, we measured their association
with prognosis in three well-characterized IDC cohorts:
TCGA (n = 918), METABRIC (n = 796) [15], and
UK cohort from Oxford (n = 210) [21]. miR-218 was
positively associated with longer RFS or OS in all three
IDC cohorts (OS METABRIC [95% CI, 0.453-0.770
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RR], P<0.001; RFS TCGA [95% CI, 0.328-0.938 RR],
P =0.03; RFS UK [95% CI, 0.616-0.965 RR], P = 0.02),
while miR-126 only in one (OS METABRIC [95% CI,
0.581-0.977 RR], P = 0.03) (Table 1). The Kaplan-Meier
curves showed that patients with higher miR-218 levels
had longer relapse-free survival in the TCGA (P = 0.03)
and UK (P = 0.02) cohorts and longer overall survival in
METABRIC (P < 0.001) (Supplementary Figure 3). As a
positive control for the procedure, miR-210 was confirmed
as indicator of poor prognosis in all cohorts (Table 1).
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Figure 4: Low miR-126 and miR-218 levels in primary pure DCIS correlate with the contralateral development of
IDC. (A) Box plots showing the expression of miR-126 and mir-218 in DCIS from patients without recurrence (Cohort 4, n = 12), in
patients who developed a subsequent contralateral IDC (Cohort 4, n = 11) and in unrelated IDC (n = 20). (B) Levels of the two miRNAs in
the same DCIS from Cohort 4 patients, in which the dotted lines define arbitrary cut-off between high and low levels of miRNA expression.
miRNA levels were determined using the 22 method after normalization to U6 snRNA.
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Table 1: Cox regression analysis of the Overall Survival (OS) and Relapse Free Survival (RFS) of patients enrolled in
the three most represented IDC cohorts, TCGA (sequencing), METABRIC (microarray) and UK (microarray)

OS TCGA OS METABRIC RFS TCGA RFS UK
(n=918) (n=1796) (n=650) (n=210)
miRNA P-values Relative Risk P -values Relative Risk P -values Relative Risk P -values  Relative Risk
(95% CI) 95% CI) (95% CI) (95% CI)
hsa-miR-126 0.07 1.215 0.03 0.7531 0.44 0.818 0.32 0.798
(0.985-1.499) (0.581-0.977) (0.493-1.358) (0.512-1.242)
hsa-miR-218 0.43 0.921 <0.001 0.590 0.03 0.555 0.02 0.771
(0.751-1.130) (0.453-0.770) (0.328-0.938) (0.616-0.965)
hsa-miR-210 0.04 1.249 <0.001 1.621 0.03 1.817 <0.001 2.486

(1.009-1.545)

(1.246-2.110)

(1.062-3.111)

(1.554-3.977)

Cellular roles of miR-126 and miR-218 in breast
cancer

The protein coding genes correlated with miR-
126 and miR-218 in BC were identified using Spearman
correlation, and cross-validation in METABRIC, TCGA,
and UK breast cancer cohorts. The use of independent
cohorts, each assayed using different technical platforms,
ranging from microarrays to RNAseq, ensured a very
robust assay by removing major technical and platform
related biases. Successively, we performed a Gene
Ontology analysis on the correlated coding genes
(Supplementary File). High miR-126 and miR-218 were
associated with cell adhesion, with miR-218 impacting on
the Wnt, Notch, cadherin and integrin signaling pathways.
Lack of miR-126 or miR-218, on the other hand was
associated with cell proliferation and mitosis.

DISCUSSION

Once DCIS is detected, the lesion is excised and
therapy administered according to the tumor phenotype
[2, 5]. Although several randomized trials have confirmed
a >50% reduction in the risk of local recurrence with the
administration of radiation therapy (RT) compared with
breast-conserving surgery alone, controversy persists
regarding whether or not RT is needed in “low-risk”
patients [7, 8]. Since current approaches do not allow
accurate risk stratification, low-risk patients are especially
poorly defined in terms of need for adjuvant therapies,
which can be associated with short-term and/or long-
term effects affecting all-cause mortality. Thus, molecular
prognosticators for the risk assessment of DCIS patients
are highly sought-after. The diverse roles of miRNA
have been extensively studied in breast cancer, but only
very few investigations were performed on non-invasive
lesions [12, 17, 18]. Here, by using next-generation
sequencing, we identified miR-126 and miR-218 as over-
expressed miRNAs in pure DCIS when compared to
IDC and normal breast. We validated our results in two
independent DCIS cohorts [12, 17], confirming that these
two miRNAs constitute a signature of non-invasive breast
tumors. Most importantly, we detected high miR-126

and miR-218 in pure DCIS with no concomitant invasive
lesions, but not in DCIS with adjacent IDC. Finally, lower
or no expression of these two miRNAs was also measured
in primary pure DCIS from patients who went to develop a
contralateral IDC later in life. Thus, our findings, although
obtained from relatively small DCIS cohorts, strongly
indicate that high levels of miR-126 and miR-218 at
diagnosis characterize low-risk DCIS.

The presence of miR-126 and miR-218 was also
associated with better prognosis in three large cohorts
of patients with invasive breast cancer, reiterating that
these miRNAs down-modulate malignant properties, as
shown in vitro for breast and other solid cancers [20, 21].
In particular, miR-218 was correlated with longer OS or
RFS in all cohorts. These results are in agreement with the
Gene Ontology analysis showing that miR-126 and miR-
218 are involved in cellular adhesion and differentiation,
and with previously reported data demonstrating the role
of miR-126 in reducing metastasis of breast cancer [22].
At variance with invasive breast tumor cell, in which
down-regulation of the two miRNAs is related to cell
cycle and mitosis, we cannot correlate their levels with
proliferation of non-invasive breast tumors and breast
tumor derived cells.

Thus, we propose that the increase of miR-126 and
miR-218 in DCIS is part of the mechanism activated by
non-invasive tumor cells to counteract tumorigenesis
and that the failure of this process, resulting in the down-
modulation of these two miRNAs, may have a role in
facilitating the progression of DCIS to invasive lesions.
Modification of methylation levels, related to expression
of miR-126 and miR-218 in mesothelioma [23] and
gastric cancer [24], respectively, may be at the basis of
this phenomenon.

We tested and validated this hypothesis in vitro,
using MCF10DCIS cells, the only established DCIS model
for the study of the malignant evolution of non-invasive
breast cancer [25, 26]. In addition to MCF10DCIS we
also studied the BT-474 cell line, derived from a low
invasive primary tumor [27] and the highly invasive
MDA-MB-231 cells, in which the tumor suppressor
role of mir-126 and miR-218 was already demonstrated
[21, 28]. Using these models we revealed that miR-126
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and miR-218 individually affect the invasion potential of
these different cell lines. Additionally, the miRNAs’ action
on MCF10DCIS was cumulative, adding to the evidence
that their absence in DCIS with invasive propensity was
simultaneous.

The EMT program broadly regulates invasion and
metastasis and it is assumed to play an important role in
the progression of in situ to invasive breast carcinoma [19,
29]. The best-characterized alteration in invasion involves
the loss by carcinoma cells of E-cadherin, a key cell-to-
cell adhesion molecule [19]. Thus we investigated miR-
126 or miR-218 for their ability to affect this process in
non-invasive BC cells. The inhibition of either miRNA
lowered the expression of E-cadherin and, concurrently,
up-regulated Vimentin, indicative of a shift from an
epithelial to a mesenchymal phenotype.

Both in vitro assays and Gene Ontology analysis
of patient samples highlighted the role of miR-126 and
miR-218 in invasion. Our results are in agreement with
those by Lesurf et al. [12], who recently reported that
biological processes that distinguish DCIS from IDC
are related to the microenvironment. They showed that
the different subtypes share common features, such as
cell adhesion, collagen fibril organization, and ECM-
cell receptor interactions. They identified, within each
subtype, some DCIS that clustered with IDC in numbers
roughly concordant with estimates of indolent/aggressive
frequency in DCIS. Nevertheless, they noted that their
investigation was not designed to study prognosis due to
small sample size and selection of cases.

Our approach was designed in two stages to identify
miRNAs related to cancer progression. First, we identified
and validated differentially expressed miRNAs in DCIS
compared to IDC, using a patient number larger than
previously reported in literature, and then we assessed
the expression of those miRNAs in two special cohorts
of DCIS patients, one with adjacent IDC and the other
with subsequent contralateral IDC. Both cohorts included
progression events, either local or delayed and distant,
thus encompassing divergent but high-risk types of DCIS
patients.

In our present work, we aimed to overcome a
common limitation in the miRNA studies on DCIS: the
very limited size of the cohorts. First, we started with an
initial RNAseq cohort of 30 DCIS samples, which is up
to now the largest published study on miRNA. Second, in
order to further strengthen our findings, we used additional
DCIS samples with invasive potential to validate our
initial miRNA signature. Thus, instead of looking
at miRNAs specific for BC subtypes, our redundant
approach allowed us to pinpoint those miRNAs that had a
robust pattern of expression across multiple DCIS cohorts
with high invasive features. Although we took special care
to address the study of small cohorts as outlined above,
our conclusions could still be affected by cohorts’ size.
Additionally, while we looked for common mechanisms

in DCIS, the genotype background and pattern of somatic
mutations in DCIS were not investigated. Finally, although
we extended the cellular studies to invasive cells, yielding
significant results on miRNA roles, repeating the assays
on more non-invasive cell lines could lead to further
significant results.

Over-diagnosis is a recognized major problem in
breast cancer and the lack of prognosticators for early
lesions hampers the management of patients. miR-126 and
miR-218 are highly expressed in DCIS with low-invasive
potential and thus represent important novel biomarkers
for the risk assessment in women with early detection of
breast cancer. In addition, up-modulation of these two
miRNAs could constitute the basis of clinical trials aimed
to help to make decisions on therapeutic intervention in
low-risk DCIS patients.

MATERIALS AND METHODS

Breast tumor tissues

We used four different cohorts of DCIS patients,
two with pure DCIS lesions (Cohorts 1 and 2), the third
with adjacent DCIS and IDC lesions, and the fourth one
with pure DCIS followed or not by the occurrence of IDC
in the contralateral breast during follow-up. 30 formalin
fixed paraffin-embedded (FFPE) samples of primary
pure DCIS (>70% tumor tissue) were selected from a
collection of tumors archived at three independent sites:
Verona, Padua and Rovigo (Cohort 1) and 17 FFPE breast
tissue sections with pure DCIS were from Pisa Archive
(Cohort 2). 30 FFPE breast tissue sections with adjacent
DCIS and IDC lesions were obtained again from the Pisa
archive (Cohort 3). Finally, 20 FFPE samples of primary
unilateral pure DCIS from patients with available follow-
up data were from the Verona site and 3 from the Rome
archive (Cohort 4, n = 23). The Cohort 4 included 11
patients who developed a contralateral IDC and 12 control
patients who did not recur. The control was selected on the
basis of patients’ homogeneity in terms of age (median:
53, range: 51-55), adjuvant therapy and radiotherapy
administration. The median follow-up for Cohort 4 was of
94 months (range: 61-120 months). Twenty unrelated IDC
samples were used as invasive controls. No samples were
excluded from the cohorts.

Written informed consent was obtained from all
patients for their tissue samples to be archived and used for
research purposes, according to the Helsinki declaration of
1975.

miRNA-Seq analysis of formalin fixed pure
DCIS tissues

The miRNA expression profiles of DCIS Cohort
1 were generated using next-generation sequencing
(NGS) on the SOLiD platform (ABI) as described in the
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Supplemental Materials and were compared with those
published by Farazi et al. [17],and with the IDCs from
The Cancer Genome Atlas (TCGA, cancergenome.nih.
gov). Successively, we used for validation the raw data for
DCIS and IDC in the Norway study by Lesurf ef al. [12].

Laser-capture micro-dissection and miRNA
analysis

Samples with pure DCIS (Cohort 2), with adjacent
DCIS and IDC (Cohort 3), and with pure DCIS samples
from patients with follow-up (Cohort 4), as well the IDC
control samples, were laser micro-dissected (LMD) by
using the PALM MicroBeam laser microdissector (Carl
Zeiss) on 2 pm thick sections. For each sample, 200.000—
600.000 pm? were selected and micro-dissected samples
were loaded on Maxwell 16 (Promega) to extract RNA,
following the Maxwell 16 LEV RNA FFPE protocol.
RNA was reverse-transcribed for miR-126 and miR-
218 using the TagMan MicroRNA RT kit (Applied
Biosystems). cDNAs in Cohort 2 and 3 were pre-amplified
using TagMan PreAmp protocol (Applied Biosystems)
and subsequently droplet digital PCR performed using
the QX100™ System (Bio-Rad) according to the
manufacturer’s instructions. QuantaSoft (Bio-Rad) was
used to convert the data into concentrations using Poisson
distribution. The miRNAs in DCIS samples from Cohort
4 were quantified by Real-Time qPCR using TagMan
MicroRNA assays (Life Technologies) and a Bio-Rad
CFX96™ system. Statistical analysis was performed using
the non-parametric median test or Mann-Whitney U test
for independent samples (SPSS version 21). Two-sided
tests were always used and P values < .05 were considered
statistically significant.

In vitro miRNA activity assays

The human breast cancer-derived cell line
MCF10DCIS, one of the very few established models
of DCIS [24], was kindly provided by Dr. Macpherson
(Beatson Institute for Cancer Research, Glasgow, UK).
Cells were grown in Dulbecco’s modified Eagle’s medium
and Ham’s F-12 medium (1:1, v/v) (DMEM F-12, Gibco
Laboratories) supplemented with 5% horse serum and 1%
penicillin-streptomycin (Gibco Laboratories) at 37° C in 5%
CO,. The BT-474 breast cancer-derived cell line was from
ICLC (Genova, I) and was maintained in RPMI 1640 growth
medium (Gibco) supplemented with 10% FBS, 1 mM Na
pyruvate and 0.01 mg/ml bovine insulin. MDA-MB-231
cells were from the American Type Culture Collection
(ATCC) and were maintained in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco Laboratories) supplemented with
10% FBS.

All cell lines were monthly tested for mycoplasm
and other contaminations and quarterly subjected to cell
identification by single-nucleotide polymorphism.

For specific modulation of miRNAs, transient
transfections were carried out with synthetic inhibitors
or mimics for miRNAs (miRVana miRNA, Life
Technologies) and Lipofectamine 2000 in Opti-MEM I
medium (Gibco) without serum. Random sequences were
used as negative controls and to check for any contribution
from miRNAs in serum. The transfected cells were
incubated at 37° C for 48 hours prior to immunochemical
and cellular assays.

Total cells lysates (25 pg protein) were separated
on 7.5% polyacrylamide SDS gels and blotted to
nitrocellulose membranes (GE Healthcare Life Science).
The membranes were incubated with antibodies directed
against Vimentin and B-tubulin (Sigma) and E-cadherin
(Santa Cruz Biotechology), and revealed with ECL
(PerkinElmer). The chemiluminescent bands were
detected on an ImageQuant™ LAS 4000 imager and
densitometry was performed with Image Quant TL (GE
Healthcare). Statistical analysis of Western blot data was
performed using the non-parametric median test or Mann—
Whitney U test for independent samples. Two-sided tests
were always used and P values < 0.05 were considered
statistically significant.

Cell proliferation and invasiveness were evaluated
with the xCELLigence Real-Time Cell Analyzer System
(Roche) that monitors cell events by measuring electrical
impedance, as previously reported [30]. To measure cell
proliferation, 2500 cells/well were plated and signal
detection enabled every 15 min up to 96 hours. For the
invasion assay, 4000 cells/well were seeded onto the
top chambers covered with a layer of Matrigel (BD
Biosciences) diluted 1:20. The bottom chambers were
filled with medium containing 10% serum and the signal
was detected every 15 min for a total of 24 hours.

miRNA expression and outcome in ductal
carcinoma

The data from the METABRIC study of Dvinge
et al. [15], accession number EGAS00000000122, were
obtained from the European Genome-phenome Archive
(EGA), and the normalized miRNA profiles (accession
number EGAD00010000438) were studied in relation
with overall survival (OS, n = 796). The TCGA miRNA
profiles for primary BCs were obtained from TCGA data
portal (OS, n = 918). The data from the Buffa’s study
[31] (UK cohort, n = 210) were obtained from the GEO
repository (GSE22216). All miRNA profiles were quantile
normalized. The association between continuous miRNA
expression and survival times was carried out using
univariable Cox regression. The Kaplan—Meier survival
curves with the cases divided by miRNA expression
(median cut) were constructed for survival times up to
120 months and the log-rank test was used to assess their
significance. The analyses were performed using BRB-
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Array Tools-R/BioConductor (version 4.4) and SPSS
(version 21). No samples were excluded from the cohorts.

To pinpoint the cellular roles of miR-126 and miR-218
in breast cancer, we performed a Gene Ontology analysis
of the correlated gene sets using the Panther Classification
System (as described in Supplementary Materials).

Abbreviations

DCIS: Ductal carcinoma in situ; IDC: Invasive
ductal carcinoma; MiRNAs: microRNAs; NGS: next-
generation sequencing; EMT: epithelial-to-mesenchymal
transition; FFPE: Formalin fixed paraffin-embedded;
DMEM F-12: Dulbecco’s modified Eagle’s and Ham’s
F-12 media; PBS: Phosphate buffered-saline.

Author contributions

Study concept and design: SV, VB, CMC, SC;
acquisition, analysis, or interpretation of data: All authors;
drafting of the manuscript: SV, VB, MG, SG, FB, CMC,
SC; critical revision of the manuscript for important
intellectual content: QP, EO, MR, GN, AC, DR; statistical
analysis: SV, MG, SG; obtained funding: SV, VB, SC, AV,
CMC; administrative, technical, or material support: CS,
CMM, FL, CN, AV, SW.

ACKNOWLEDGMENTS

The authors thank Dr. Macpherson (Beatson
Institute for Cancer Research, Glasgow, UK) for providing
the breast cancer-derived cell line MCF10DCIS, Dr.
M. Palomba and Dr. M. Menicagli for skilled technical
assistance in preparing tissue sections.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

FUNDING

This work was supported by the National Institutes
of Health (to CMC); Italian Ministero dell’Istruzione,
dell’Universita e della Ricerca (FIRB RBAP10Z7FS 002
to SC); University of Ferrara (Italy) (to VB and SV);
Associazione Italiana per la Ricerca sul Cancro (IG
17063 to SV and IG 16862 to AV); Italian Ministero
dell’Istruzione, dell’Universita e della Ricerca (PRIN
MIUR 2010 to SV and AV).

REFERENCES

1. Independent UK Panel on Breast Cancer Screening.
The benefits and harms of breast cancer screening: an
independent review. Lancet. 2012; 380:1778-86.

10.

11.

Zardavas D, Irrthum A, Swanton C, Piccart M. Clinical
management of breast cancer heterogeneity. Nat Rev Clin
Oncol. 2015; 12:381-94.

Welch HG, Prorok PC, O’Malley AJ, Kramer BS. Breast-
Cancer Tumor Size, Overdiagnosis, and Mammography
Screening Effectiveness. N Engl J Med. 2016; 375:1438-47.
McCormick B, Winter K, Hudis C, Kuerer HM,
Rakovitch E, Smith BL, Sneige N, Moughan J, Shah A,
Germain I, Hartford AC, Rashtian A, Walker EM, et al.
RTOG 9804: a prospective randomized trial for good-
risk ductal carcinoma in situ comparing radiotherapy with
observation. J Clin Oncol. 2015; 33:709-15.

Harris LN, Ismaila N, McShane LM, Andre F, Collyar DE,
Gonzalez-Angulo AM, Hammond EH, Kuderer NM,
Liu MC, Mennel RG, Van Poznak C, Bast RC, Hayes DF,
and American Society of Clinical Oncology. Use of
Biomarkers to Guide Decisions on Adjuvant Systemic
Therapy for Women With Early-Stage Invasive Breast
Cancer: American Society of Clinical Oncology Clinical
Practice Guideline. J Clin Oncol. 2016; 34:1134-50.

Narod SA, Igbal J, Giannakeas V, Sopik V, Sun P. Breast
Cancer Mortality After a Diagnosis of Ductal Carcinoma /n
Situ. JAMA Oncol. 2015; 1:888-96.

Sagara Y, Freedman RA, Vaz-Luis I, Mallory MA,
Wong SM, Aydogan F, DeSantis S, Barry WT, Golshan M.
Patient Prognostic Score and Associations With Survival
Improvement Offered by Radiotherapy After Breast-
Conserving Surgery for Ductal Carcinoma /n Situ: A
Population-Based Longitudinal Cohort Study. J Clin Oncol.
2016; 34:1190-96.

Solin LJ, Gray R, Baehner FL, Butler SM, Hughes LL,
Yoshizawa C, Cherbavaz DB, Shak S, Page DL, Sledge GW Jr,
Davidson NE, Ingle JN, Perez EA, et al. A multigene
expression assay to predict local recurrence risk for ductal
carcinoma in situ of the breast. J Natl Cancer Inst. 2013;
105:701-10.

Worni M, Akushevich I, Greenup R, Sarma D, Ryser MD,
Myers ER, Hwang ES. Trends in Treatment Patterns and
Outcomes for Ductal Carcinoma /n Situ. J Natl Cancer Inst.
2015; 107:djv263.

Hernandez L, Wilkerson PM, Lambros MB, Campion-Flora A,
Rodrigues DN, Gauthier A, Cabral C, Pawar V, Mackay A,
A’Hern R, Marchio C, Palacios J, Natrajan R, et al. Genomic
and mutational profiling of ductal carcinomas in situ and
matched adjacent invasive breast cancers reveals intra-
tumour genetic heterogeneity and clonal selection. J Pathol.
2012; 227:42-52.

Heselmeyer-Haddad K, Berroa Garcia LY, Bradley A,
Ortiz-Melendez C, Lee WJ, Christensen R, Prindiville SA,
Calzone KA, Soballe PW, Hu Y, Chowdhury SA,
Schwartz R, Schiffer AA, Ried T. Single-cell genetic
analysis of ductal carcinoma in situ and invasive breast
cancer reveals enormous tumor heterogeneity yet conserved
genomic imbalances and gain of MYC during progression.
Am J Pathol. 2012; 181:1807-22.

www.oncotarget.com

23552

Oncotarget



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Lesurf R, Aure MR, Merk HH, Vitelli V, Lundgren S,
Borresen-Dale AL, Kristensen V, Wirnberg F, Hallett M,
Serlie T, and Oslo Breast Cancer Research Consortium
(OSBREAC). Molecular features of subtype-specific
progression from ductal carcinoma in situ to invasive breast
cancer. Cell Reports. 2016; 16:1166-79.

Cowell CF, Weigelt B, Sakr RA, Ng CK, Hicks J, King TA,
Reis-Filho JS. Progression from ductal carcinoma in situ
to invasive breast cancer: revisited. Mol Oncol. 2013;
7:859-69.

Di Leva G, Garofalo M, Croce CM. MicroRNAs in cancer.
Annu Rev Pathol. 2014; 9:287-314.

Dvinge H, Git A, Grif S, Salmon-Divon M, Curtis C,
Sottoriva A, Zhao Y, Hirst M, Armisen J, Miska EA,
Chin SF, Provenzano E, Turashvili G, et al. The shaping
and functional consequences of the microRNA landscape
in breast cancer. Nature. 2013; 497:378-82.

Iorio MV, Ferracin M, Liu CG, Veronese A, Spizzo R,
Sabbioni S, Magri E, Pedriali M, Fabbri M, Campiglio M,
Meénard S, Palazzo JP, Rosenberg A, et al. MicroRNA gene
expression deregulation in human breast cancer. Cancer
Res. 2005; 65:7065-70.

Farazi TA, Horlings HM, Ten Hoeve JJ, Mihailovic A,
Halfwerk H, Morozov P, Brown M, Hafner M, Reyal F,
van Kouwenhove M, Kreike B, Sie D, Hovestadt V, et al.
MicroRNA sequence and expression analysis in breast
tumors by deep sequencing. Cancer Res. 2011; 71:4443-53.
Volinia S, Galasso M, Sana ME, Wise TF, Palatini J,
Huebner K, Croce CM. Breast cancer signatures for
invasiveness and prognosis defined by deep sequencing of
microRNA. Proc Natl Acad Sci USA. 2012; 109:3024-29.
Kalluri R, Weinberg RA. The basics of epithelial-
mesenchymal transition. J Clin Invest. 2009; 119:1420-28.
Tie J, Pan'Y, Zhao L, Wu K, Liu J, Sun S, Guo X, Wang B,
Gang Y, Zhang Y, Li Q, Qiao T, Zhao Q, et al. MiR-218
inhibits invasion and metastasis of gastric cancer by targeting
the Robol receptor. PLoS Genet. 2010; 6:¢1000879.

Liu Y, Cai Q, Bao PP, Su 'Y, Cai H, Wu J, Ye F, Guo X,
Zheng W, Zheng Y, Shu XO. Tumor tissue microRNA
expression in association with triple-negative breast cancer
outcomes. Breast Cancer Res Treat. 2015; 152:183-91.
Zhang Y, Yang P, Sun T, Li D, Xu X, Rui Y, Li C, Chong M,
Ibrahim T, Mercatali L, Amadori D, Lu X, Xie D, et al. miR-
126 and miR-126* repress recruitment of mesenchymal

23.

24.

25.

26.

27.

28.

29.

30.

31.

stem cells and inflammatory monocytes to inhibit breast
cancer metastasis. Nat Cell Biol. 2013; 15:284-94.

Andersen M, Trapani D, Ravn J, Serensen JB, Andersen CB,
Grauslund M, Santoni-Rugiu E. Methylation-associated
Silencing of microRNA-126 and its Host Gene EGFL7 in
Malignant Pleural Mesothelioma. Anticancer Res. 2015;
35:6223-29.

Kim M, Kim JH, Bacek SJ, Kim SY, Kim YS. Specific
expression and methylation of SLIT1, SLIT2, SLIT3, and
miR-218 in gastric cancer subtypes. Int J Oncol. 2016;
48:2497-507.

Hu M, Yao J, Carroll DK, Weremowicz S, Chen H,
Carrasco D, Richardson A, Violette S, Nikolskaya T,
Nikolsky Y, Bauerlein EL, Hahn WC, Gelman RS, et al.
Regulation of in situ to invasive breast carcinoma transition.
Cancer Cell. 2008; 13:394-406.

Miller FR, Santner SJ, Tait L, Dawson PJ. MCF10DCIS.
com xenograft model of human comedo ductal carcinoma
in situ. J Natl Cancer Inst. 2000; 92:1185-86.

Kao J, Salari K, Bocanegra M, Choi YL, Girard L,
Gandhi J, Kwei KA, Hernandez-Boussard T, Wang P,
Gazdar AF, Minna JD, Pollack JR. Molecular profiling of
breast cancer cell lines defines relevant tumor models and
provides a resource for cancer gene discovery. PLoS One.
2009; 4:¢6146.

Taipaleenmiki H, Farina NH, van Wijnen AJ, Stein JL,
Hesse E, Stein GS, Lian JB. Antagonizing miR-218-5p
attenuates Wnt signaling and reduces metastatic bone disease
of triple negative breast cancer cells. Oncotarget. 2016;
7:79032—46. https://doi.org/10.18632/oncotarget.12593.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next
generation. Cell. 2011; 144:646-74.

Brugnoli F, Grassilli S, Piazzi M, Palomba M, Nika E,
Bavelloni A, Capitani S, Bertagnolo V. In triple negative
breast tumor cells, PLC-2 promotes the conversion of
CD133high to CD133low phenotype and reduces the
CD133-related invasiveness. Mol Cancer. 2013; 12:165.
Buffa FM, Camps C, Winchester L, Snell CE, Gee HE,
Sheldon H, Taylor M, Harris AL, Ragoussis J. microRNA-
associated progression pathways and potential therapeutic
targets identified by integrated mRNA and microRNA
expression profiling in breast cancer. Cancer Res. 2011;
71:5635-45.

www.oncotarget.com

23553

Oncotarget



