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ABSTRACT
Invasive lobular carcinoma (ILC) of the breast, characterized by loss of E-cadherin expression,
accounts for 5-15% of invasive breast cancers and it is believed to arise via a linear histological
progression. Genomic studies have identified a clonal relationship between ILC and concurrent
lobular carcinoma in situ (LCIS) lesions, suggesting that LCIS may be a precursor lesion. It has
been shown that an LCIS diagnosis confers a 15-20% risk of progression to ILC over a lifetime.
Currently no molecular test or markers can identify LCIS lesions likely to progress to ILC. Since
microRNA (miRNA) expression changes have been detected in a number of other cancer types,
we explored whether their dysregulation might be detected during progression from LCIS to ILC.
Using the Illumina miRNA profiling platform, designed for simultaneous analysis of 470 mature
miRNAs, we analyzed the profiles of archived normal breast epithelium, LCIS lesions found
alone, LCIS lesions concurrent with ILC, and the concurrent ILCs, as a model of linear
histological progression toward ILC. We identified two sets of differentially expressed miRNAs,
the first set highly expressed in normal epithelium, including hsa-miR-224, -139, -10b, -450, 140
and -365 and the second set upregulated during lobular neoplasia progression, including hsamiR-375, -203, -425-5p, -183, -565 and -182. Using quantitative RT-PCR, we validated a trend
of increasing expression for hsa-mir-375, hsa-mir-182, and hsa-mir-183 correlating with ILC
progression. As we detected increased expression of hsa-miR-375 in LCIS lesions synchronous
with ILC, we sought to determine whether hsa-mir-375 might induce phenotypes reminiscent of
lobular neoplasia by expressing it in the MCF10A 3D culture model of mammary acinar
morphogenesis. Increased expression of hsa-miR-375 resulted in loss of cellular organization
and acquisition of a hyperplastic phenotype. These data suggest that dysregulated miRNA
expression contributes to lobular neoplastic progression.

Keywords: lobular carcinoma, microRNA, acinar morphogenesis
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INTRODUCTION

Invasive lobular carcinoma (ILC) comprises approximately 5-15% of invasive breast
cancer cases and various studies report five-year average survival rates between 68-87% [1]
Stage at diagnosis has a pronounced effect, with a five-year disease-specific survival rate of
98% in patients with T1N0 ILC and 72% in patients with T3N1 disease [2]. A spectrum of
precursor lesions, termed lobular intra-epithelial neoplasia, has been defined, and they include
atypical lobular hyperplasia and lobular carcinoma in situ (LCIS), characterized by several
variants [3]. Genomic studies using archived specimens of LCIS found synchronously with ILC
have shown a high degree of homology in chromosomal imbalances between these two lesions
[4,5,6], indicating a clonal relationship between them, and further suggesting that LCIS may act
as a precursor lesion of ILC. Molecular analyses have also revealed identical E-cadherin
mutations in synchronous LCIS and ILC lesions [7].
The recognized variants of LCIS include classical LCIS, pleiomorphic LCIS, and LCIS
with comedo necrosis [8,9,10]. While classical and pleiomorphic LCIS are E-cadherin negative,
they exhibit important differences in their immunophenotypes. Classical LCIS has a low
proliferative rate (low Ki67), is typically oestrogen receptor positive (and progesterone receptor
positive) and rarely shows HER2 overexpression or p53 mutation. Pleiomorphic LCIS typically
has a higher proliferative rate (high ki67), may be hormone receptor negative and may show
p53 mutation and/or HER2 overexpression [8,10,11]. LCIS is frequently multifocal and bilateral
and a biopsy finding of LCIS is associated with an increased risk of invasive breast cancer of
10-20% over 15 to 20 years [12,13].
The pathogenesis of LCIS and ILC and the factors promoting progression along this
lineage remain poorly understood and while the majority of LCIS lesions do not progress to ILC,
no biomarkers are available to distinguish high- and low-risk lesions. We propose that
comparing LCIS lesions found synchronously with ILC with LCIS lesions from patients without
concurrent ILC, will help identify mechanism(s) and biomarkers associated with progression of
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LCIS to ILC.
Recent studies have shown that the genes coding for microRNAs (miRNAs) are
frequently located in cancer-associated genomic regions or in fragile sites and their aberrant
expression might contribute to the development and progression of cancer [14,15]. MiRNAs are
non-coding RNA molecules, 18 to 24 nucleotides in length, that regulate the translation and
degradation of target mRNAs through base pairing in the 3’ untranslated regions (UTRs).
MiRNA genes can be found either as individual or clustered genes in the genome or as
embedded sequences within functional genes, in introns or in exons [16]. To date more than
1,000 human miRNAs have been identified, and studies have shown that miRNAs can bind
multiple mRNA transcripts and regulate several pathways involving development, cellular
proliferation and differentiation, adhesion, migration, invasion, apoptosis and many other
biological processes relevant to cancer development and progression [17]. MiRNA expression
studies in breast cancer have demonstrated that miRNAs can act as tumour suppressors or as
oncogenes [18,19].
In this study, we have examined the potential role of miRNAs in the progression from
normal mammary tissue, through LCIS to ILC. We performed high-throughput miRNA profiling
on normal, LCIS and ILC specimens to determine whether miRNAs may be dysregulated during
neoplastic progression of this disease and specifically analyzed the expression of hsa-miR-375
and its contribution to mammary epithelial architecture.
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MATERIALS AND METHODS
Human specimens. Thirty-one archived specimens were obtained from Montefiore Medical
Center (MMC), Bronx, NY, after approval of the study by the Institutional Review Board. These
specimens included two normal breast specimens (frozen and matched 1 month-old FFPE), 5
normal lobular breast tissues, 7 specimens containing LCIS lesions alone, 8 containing LCIS
lesions synchronous with ILC, 8 matched specimens containing ILC lesions, and 1 ILC found
alone. The ILC specimens were all confirmed by negative E-cadherin staining. One normal
pancreas was used for in situ hybridization analysis.
Histology and Immunohistochemistry. Twelve sections were obtained from each archived
breast specimen (1-3 years-old), the first and last being Haematoxylin and Eosin (H&E) stained
slides, and 10 intermediate 10 Pm unstained sections. Lesions were identified on H&E slides
and used as guides for macrodissection on unstained slides. E-cadherin immunohistochemistry
was performed using the Zymed® antibody clone 4A2C7, following manufacturer’s instructions,
at the MMC pathology laboratory.
RNA extraction and quantification. RNA from the frozen sample was extracted using TRIzol
(Invitrogen). RNA from archived breast specimens was extracted using a previously described
method [20]. For qRT-PCR all RNA samples were extracted using the High Pure RNA paraffin
kit (Roche Applied Science), following manufacturer’s instructions. Total RNA was quantified on
a Nanodrop ND-2000 spectrophotometer and analyzed on a Bioanalyzer mRNA Nanochip
(Agilent).
MiRNA expression profiling. These experiments were performed on a Sentrix array matrix (96
beadarrays) using the Illumina miRNA profiling platform for simultaneous analysis of 735 probes
(470 mature miRNAs), using 200ng of total RNA accordingly to manufacturer’s instructions [21].
Arrays were scanned on a beadarray reader (Illumina) and raw data were obtained from
Beadstudio (3.3).
Reverse transcription and PCR quantifications. Taqman® miRNA primers, miRNA reverse
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transcription kit, and universal PCR master mix, No AmpErase® UNG (Applied Biosystems (AB),
USA) were used for these experiments. Individual RT reactions using 10ng of total RNA were
assembled in PCR tubes following the manufacturer’s instructions (AB). PCR quantifications
were monitored on a StepOnePlus instrument (AB) and comparative thresholds were
determined by averaging results of triplicate reactions. Both RNU44 and RNU6B were used as
endogenous controls for data normalization. The 'Ct of each miRNA, was determined by
subtracting the mean Ct value of RNU44 and RNU6B from the Ct value of each miRNA. The
''Ct, for each miRNA in each sample, was determined by subtracting the 'Ct of the control
samples (mean of 'Ct of 5 normal samples) from the 'Ct of the samples of interest. The fold
change differences were calculated using the 2(''Ct) formula.
In Situ Hybridization (ISH). These experiments were performed following the procedure
described by Jorgensen et. al. [22], using a 20 minute Proteinase K treatment of the sections
and Exiqon double-DIG miRCURYLNA probes including a Scramble-miR, hsa-miR375 at 40nM,
anddouble-DIG miRCURYLNA U6 probe at 20nM. Incubations were performed in array
chambers in a water bath.
Cell Lines and Maintenance. Non-tumourigenic breast epithelial MCF-10A cells were cultured
in DMEM/F12 (Cellgro), supplemented with 5% horse serum (Invitrogen), hydrocortisone
(0.5µg/ml), mouse epidermal growth factor (EGF; 20ng/ml), insulin (10µg/ml), cholera toxin
(100ng/ml, SIGMA, Saint Louis, MO) at 37°C in a humidified incubator (5% CO2). Human
primary miR-375 (pri-miR-375) and a non-silencing control miRNA were stably and separately
expressed in MCF10A cells by lentiviral gene transfer using pLemiR expression system
(ThermoFisher). The pLemiR constructs expressed TurboRed fluorescent protein (Evrogen) and
a puromycin resistance selectable marker. Stable populations were obtained by selection with
puromycin (2.5g/ml, MP Biomedicals), and detection of TurboRFP.
Immunofluorescence staining and confocal microscopy of MCF-10A Acini. Trypsinized
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single cell suspensions of MCF10A cells were seeded on top of growth factor-reduced Matrigel
(BD sciences) at 2% (without EGF) with growth medium (replaced every 3-4 days), at a density
of 2,900 per cm2 [24]. Immunostaining was carried out as described by Debnath et al. [23]. In
short, the acini were fixed in Matrigel with 4% Paraformaldehyde (20min at room temperature
(RT)) and permeabilized with Triton X-100 (0.5% in PBS, 10min at 4°C). After three washes with
glycine (100mM in PBS), primary blocking was carried out for 2h at RT in PBS containing BSA
,0.1%; Triton X-100, 0.2%; Tween-20, 0.05% and goat serum, 10%). A secondary block was
carried out for 45 minutes at RT using the same blocking buffer with the addition of goat antimouse F(ab’)2 fragment (20µg/ml, Jackson ImmunoResearch). The samples were incubated
with 1:100 anti-CD49f (D6-integrin from BD Biosciences) in full secondary block buffer overnight
at 4°C. The AlexaFluor conjugated secondary antibody (Invitrogen) was used at 1:200 dilution in
full primary block buffer for 1h at RT. The nuclei were counterstained with Hoechst 33342 (1PM)
for 15 minutes at RT. Confocal analyses were performed with a Leica TCS SP2 AOBS confocal
microscope (Mannheim, Germany) with a 25X oil immersion objective.
Data analysis. Raw data files were imported into Partek Genomics Suite (6.5). The Partek
Batch Remover tool (an ANOVA-based method) was used to control for batch effect, data were
quantile normalized, and analyzed using ANOVA to identify miRNAs differentially expressed
between neoplastic and normal specimens. For qRT-PCR experiments, p-values testing for
trend between the four groups were obtained by linear regression and are presented as inset
Box plots. By including an ordered variable, based on the cancer groups (Group#1: normal,
Group#2: LCIS alone, Group#3: LCIS synchronous with ILC, Group#4: the synchronous ILCs) in
the model as a continuous variable, the test performed on the coefficient is equivalent to a test
for a linear increase of hsa-miR-375, -182, -183 expression ('ct values) across the four groups
[24,25].
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RESULTS
Histological presentation of lobular neoplasia. Figure 1 displays one specimen with
normal lobular epithelium, one classical lobular carcinoma in situ (LCIS) found alone without
presence of an invasive breast cancer (LCISa); one pleiomorphic LCIS with necrosis found
synchronously with invasive lobular carcinoma (ILC) (LCISs), and the synchronous ILC (ILCs)
from the same patient. As loss of E-cadherin expression is a defining feature of lobular
neoplasia [11], its immunodetection was used to distinguish normal lobules from neoplastic
counterparts (Fig. 1, left column of panels). Regions of interest were identified from H&E-stained
slides (Fig. 1, centre column of panels) and carefully dissected on unstained sections (Fig. 1,
right column of panels).
MiRNA expression profiling of lobular neoplasia. To determine the distribution of
miRNAs in normal breast epithelial cells and at successive stages of lobular neoplastic
progression, we performed high-throughput profiling of 735 probes (corresponding to 470
miRNAs) with RNA extracted from the specimens displayed in Figure 1.
To evaluate the accuracy of miRNA profiling experiments with formalin-fixed paraffinembedded (FFPE) RNA, we compared miRNA expression results between matched frozen and
1 month-old FFPE normal breast tissues. Duplicates for the frozen RNA samples (r2 > 0.98) and
FFPE RNA (r2 > 0.97) were highly concordant with each other (r2 > 0.90) (data not shown) and
clustered together during the analysis (Fig. 2) Similarly, miRNA profiles of archived normal
lobular epithelium, LCIS and ILC samples provided highly concordant duplicates (r2 > 0.979 in
all cases), which clustered together during the analysis. Using a cutoff of p<0.02, the ANOVA
analysis identified 85 miRNAs differentially expressed between normal and neoplastic samples.
These miRNAs were used for hierarchical clustering of the samples (Euclidean method, Fig. 2).
Our analysis also revealed that miRNA expression profiles of LCIS and ILC samples, found
synchronously in the same patient but obtained from separate archived blocks, clustered
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together, suggesting a molecular relationship between LCIS and ILC [4,5].
Two groups emerged from the hierarchical clustering (Fig. 2), which included six
miRNAs highly expressed in normal specimens: hsa-mir-224, hsa-mir-139, hsa-mir-10b, hsamir-450, hsa-mir-140 and hsa-mir-365; and six miRNAs, expressed at low levels in normal
tissue but elevated in LCIS and ILC samples: hsa-mir-375, hsa-mir-182, hsa-mir-425-5p, hsamir-183, hsa-mir-196a, and hsa-miR-565 (Fig. 2).
Quantitative RT-PCR analyses of hsa-miR-375, -183, and -182 in archived samples.
Because miRNA expression analyses revealed that hsa-mir-375 was most differentially
expressed in lobular neoplasia, and because hsa-mir-182 and hsa-miR-183 belong to the same
miRNA cluster and appeared co-expressed during progression of lobular neoplasia, we selected
these three miRNAs for qRT-PCR studies on a larger set of clinical samples (n=28; Table 1).
We used two of the profiled specimens (the LCIS synchronous with ILC, and the synchronous
ILC) and 26 additional specimens. We established a baseline by measuring the expression of
each miRNA in five normal lobular breast epithelium samples and determined the level of each
miRNA in the neoplastic samples relative to that baseline.
QRT-PCR experiments displayed in Figure 3 demonstrate a trend of increasing
expression for hsa-miR-375 (p <0.003), hsa-miR-182 (p <0.001), and hsa-miR-183 (p <0.003)
with increasing histological severity of the lesions, with the lowest expression levels in normal
lobular specimens and highest expression levels in ILC specimens. Hsa-miR-182 and hsa-miR183 displayed similar trends of increased expression, possibly related to their localization in the
hsa-miR183/182/96 cluster [26].
Hsa-mir-375 expression in neoplastic cells. We selected hsa-miR-375 for further insitu hybridization (ISH) validation because it displayed the highest expression levels on the
Illumina miRNA beadchips and in qRT-PCR experiments, in comparison to hsa-miR-182 and
hsa-miR-183. Our data shows that hsa-mir-375 displayed low expression levels in normal
samples and in LCIS specimens found alone (without a synchronous ILC), while showing
9

increased expression levels in LCIS and ILC synchronous cases (Fig. 3, hsa-miR-375).
Increased expression was observed in both histologically high-grade pleiomorphic LCIS cases
(Fig. 3 hsa-miR-375, first and last bar in the LCIS synch group; LCIS synch1 and LCIS synch8
in Table 1) and the LCIS with necrosis (Fig. 3 hsa-miR-375, third bar in LCIS synch group; LCIS
synch3 in Table1). Although the tissue dissection approach was designed to exclude stromal
tissue, it remained possible that high levels of hsa-mir-375 may have originated from infiltrating
stromal cells. Thus, we performed ISH experiments with archived specimens to localize and
validate the expression of hsa-miR-375 (Fig. 4). We optimized our in situ detection of hsa-miR375 on human archived pancreas, as pancreatic islets of Langerhans have been reported to
express high levels of hsa-miR-375 [27,28]. QRT-PCR with RNA extracted from a 1 year-old
FFPE pancreas revealed that hsa-miR-375 expression was 1,078 fold higher than in normal
breast epithelium (data not shown). We used H&E staining to distinguish the endocrine islets of
Langerhans (Fig. 4a, see arrows, light staining) from the exocrine pancreas (darker staining).
ISH detection of hsa-miR-375 revealed robust expression in the islets of Langerhans (Fig. 4b,
hsa-miR-375, purple stain) compared to the surrounding exocrine tissue. No staining was
observed with the negative control scrambled probe (Fig. 4b, scrambled). The expression
pattern of hsa-mir-375 in the pancreas validated our detection assay. We applied to same ISH
procedure to archived breast specimens (Fig. 4c). The scrambled miRNA probe resulted in no
staining (Fig 4c, left column) while ISH detection of hsa-mir-375 revealed weak expression in
normal breast epithelium and LCIS lesions found alone, but the highest expression levels within
LCIS and ILC lesions found synchronously. These data support the differential expression of
hsa-mir-375 observed by high-throughput miRNA profiling (Fig. 2), and qRT-PCR experiments
(Fig. 3), and confirm that hsa-mir-375 is primarily expressed in the neoplastic cells of these
specimens. Similar ISH detection data were obtained for hsa-mir-182, the second highest
expressed miRNA after hsa-miR-375 (see additional Figure).
Hsa-miR-375

expression

disrupts
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mammary

acinar

morphogenesis.

Analysis of miRNA expression in a larger set of clinical samples would be necessary to
determine whether the expression levels of hsa-miR-375, hsa-miR-182, and hsa-miR-183 may
have prognostic utility but also help identify other upregulated and downregulated miRNAs,
which may correlate with lobular neoplasia progression. However, because increased
expression of hsa-miR-375, in MCF7 cells, has been associated with increased proliferation
[29], and its expression is found at its highest levels in LCIS synchronous with ILC (Figs 2-4),
we hypothesized that increased expression of hsa-miR-375 may contribute to progression of
lobular breast neoplasia. We used the MCF10A model of mammary acinar morphogenesis to
test the effect of increased expression of hsa-miR-375. When this cell line is cultured within a
reconstituted basement membrane (Matrigel), it forms small colonies, which, over a period of
time develop the central lumen and apicobasal polarity that characterize human mammary
epithelial cells in vivo. Experimental overexpression of various oncogenes in MCF10A cells, in
3D culture, leads to phenotypes including hyperplastic growth, failure of apoptosis, and
formation of multilobular colonies [30]. To determine whether increased expression of hsa-mir375 may affect the maintenance of correct breast tissue polarity in 3D culture, we used lentiviral
expression to stably express hsa-miR-375 in MCF10A cells. QRT-PCR analysis (Fig. 5A)
evaluated the levels of hsa-mir-375 in MCF10Actrl cells and MCF10Ahsa-miR-375 cells, by
comparison with hsa-miR-375 expression levels in normal breast epithelium and the LCIS
synchronous with ILC case that displayed the highest expression (Fig. 3, LCISsynch1). QRTPCR results demonstrate that hsa-mir-375 is expressed at low levels in the MCF10Actrl cells and
at high levels in MCF10A

hsa-miR-375

cells, comparable to the levels detected in the LCIS

synchronous with ILC (Fig. 3, see hsa-miR-375 LCISsynch1).
Pools of infected cells were selected using puromycin and analysis of co-expressed RFP
was performed prior to each experiment to confirm that the majority of cells in the pool had
retained the lentivirus (Fig. 5b). MCF10A cells were seeded singly on top of Matrigel [23, 28]
and allowed to form colonies for four weeks (Fig. 5c, left). MCF10A cells expressing hsa-mir11

375 formed larger and more misshapen colonies, and the relative difference in cross-sectional
area was highly statistically significant (Fig. 5c, right). In addition, hsa-mir-375-expressing
colonies cleared significantly fewer cells from the centre of the colonies compared to the vector
control. We further analyzed the status of tissue polarity in these structures, using D6-integrin as
a marker of basal tissue polarity. In MCF10Actrl cells, D6-integrin was localized at the basal
surface of these cells, while this organization was completely disrupted in the MCF10Ahsa-mir-375
colonies. These data suggest that increasing hsa-mir-375 expression to levels found in human
lobular neoplasia specimens may alter the ability of human breast epithelial cells to establish
and maintain appropriate tissue organization.
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DISCUSSION
We report the first study to identify a number of upregulated miRNAs during progression
of lobular neoplasia. When we transduced and overexpressed hsa-mir-375, one of the miRNAs
upregulated during in lobular neoplasia, in MCF10A cells in a model of human mammary acinar
morphogenesis, we found that it led to the production of larger dysmorphic colonies with filled
lumens, and substantial perturbations in tissue polarity; phenotypes recapitulating, at least in
part, the ones observed during lobular neoplasia. This study is the first to show that ectopic
expression of a single miRNA can interfere with the organization of human breast epithelial cells
in a 3D context.
MiRNAs are key regulators of gene expression, and abnormal expression of these
molecules has been shown to correlate with the progression of many human cancers [14].
MiRNA expression studies of human breast tumours have shown that these molecules can be
utilized as prognostic markers [19,31]. Although the number of specimens analyzed here was
too small to develop a prognostic signature, our study strongly indicates that miRNA expression
analysis in larger cohorts may allow the development and validation of prognostic or predictive
signatures in lobular neoplasia.
Our qRT-PCR analyses focused on three upregulated miRNAs, hsa-miR-182, hsa-miR183 and hsa-miR-375, and showed that expression changes follow transition from normal, to
pre-invasive, to invasive lobular carcinomas. Our results show that upregulation of hsa-miR-182
and hsa-miR183 is detected in LCIS lesions synchronous with ILC. Upregulation of both hsamiR-182 and hsa-miR-183 has been described in breast cancer cells and recently in DCIS,
when compared with normal breast epithelium, supporting the idea that these two miRNAs may
play important roles in the development of breast cancer [32]. Increased expression of hsa-miR182 in MCF-7 cells has been linked with downregulation of FOXO1, a transcription factor
orchestrating genes involved in apoptotic response, cell cycle checkpoints, and cellular
metabolism [33]. Using MCF-7 cells, Hannafon et al. [7], recently identified 4 additional targets
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(CBX7, DOK4, NMT2 and EGR1) and their results suggest that hsa-miR-182 may also be
indirectly involved in downregulation of E-cadherin expression in DCIS, an interesting finding as
loss of E-cadherin is a hallmark of LCIS. Although our analysis of LCIS and the analysis of DCIS
have converged on similar miRNA dysregulations, it is important to note that gene expression
patterns may differ between DCIS and LCIS, as gene expression patterns differ in their
respective invasive cancers, thus providing distinct gene targets involved in different pathways
[32,34]. Our data shows that hsa-miR-182 and hsa-miR-183 are co-dysregulated in the same
LCIS samples. These two miRNAs are clustered with hsa-miR-96 on chromosome 7q32.2, a
region frequently amplified in melanoma [35]. Co-dysregulation of hsa-miR-182 and hsa-miR183
has also been described in prostate and colon cancers, but their co-expression in normal tissue
has been associated with development of the inner ear, suggesting common transcriptional
regulation mechanisms for these miRNAs [36,37,38]. Together, decrease of cellular adhesion
(loss of E-cadherin), decrease of apoptosis, disruption of cell-cycle checkpoints, and cellular
metabolism suggest that dysregulation of hsa-miR-182 and hsa-miR-183 may play important
roles in breast cancer and our results suggest that these miRNAs may play important roles in
the progression of pre-invasive lesions toward invasive cancers.
Strong upregulation of hsa-miR-375 in LCIS lesions synchronous with ILC and high
expression in the synchronous ILC cells suggests an important role for this miRNA in the
transition from pre-invasive to invasive lobular cancer cells. The dysregulated expression of
hsa-miR-375 has been reported in at least five different human cancers, including gastric
[39,40], head and neck [41], and liver cancers [42,43], where the expression of hsa-miR-375 is
down-regulated by comparison with normal tissues; and lung [44] and breast cancers [29] where
hsa-miR-375 expression is upregulated. The study of De Souza Rocha et al. [2], on the ERpositive (ER+) MCF-7 breast cancer cell line, has suggested that increased expression of hsamir-375 may play a role in the progression of ER+ breast tumors by indirectly increasing ERD
expression and thus cellular proliferation, an interesting observation in the context of invasive
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lobular carcinomas as 93.1% of these cancers are ER+. As there are no culture models of ER+
non-malignant breast epithelial cells, we evaluated the impact of increased hsa-miR-375
expression in the ER-negative (ER-) MCF10A cell line. In a 3D context, upon upregulation of
hsa-miR-375, these cells formed larger colonies with disrupted tissue organization and
increased proliferation These data suggest that ERD is not the only key molecule affected by
hsa-miR-375 during tumourigenesis and that additional key targets, involved in threedimensional architecture of breast epithelium, remain to be discovered.
Analysis of hsa-miR-375 null-mice has demonstrated that hsa-miR-375 plays important
roles in the development of normal pancreatic endocrine cell mass in the postnatal period, and
has further demonstrated its role in the maintenance of glucose homeostasis [27,28]. Gene
expression analysis of hsa-miR-375-null islets, from KO-mice, revealed that several hundred
genes were upregulated in these cells. Using target prediction, and RT-PCR analysis, Poy et al.
[28] validated 20 targets, which included genes with roles in the p53 pathway, MAPK signalling,
apoptosis and cellular adhesion, several of which have been reported to play important roles in
breast cancer.
Research in lobular cancer requires the use of cell line models. We tested the MDA-MB134 cell line, which is considered to be of lobular origin, for the expression of hsa-miR-375 and
found that it was highly elevated (data not shown), compared to that in MCF10A and MCF7 cells
[45,46]. The MDA-MB-134 cells may be useful for identification of hsa-miR-375 targets.
However, MCF10A cell line, a model for human mammary acinar morphogenesis recapitulates
aspects of the organization of the terminal duct lobule unit (TDLU), and represents an
interesting study model for analysis of the capability of candidate genes to alter mammary
phenotypes and more particularly the contribution of miRNAs, as we showed it in our study.
Molecular profiling of breast lesions associated with a high-risk of subsequent breast
cancer development represents a potential approach to developing strategies for reducing the
burden of this disease. In this regard, women with lobular intra-epithelial neoplasia are of
15

interest given the increased risk of subsequent development of invasive breast cancer, which
persists indefinitely after initial diagnosis [47]. Considering that LCIS lesions with similar
histological appearance can have different outcomes, understanding the underlying molecular
differences between lesions may help in predicting their behaviour. The identification of
biomarkers in early lesions, which are predictive of the future clinical course of the disease, may
help identify women at high risk of progression who may benefit from surgery, chemoprevention
with a selective oestrogen receptor modulator, and/or increased monitoring and conversely may
reduce the over-treatment of patients whose indolent disease is less likely to progress to an
invasive carcinoma.
Our study demonstrates that retrospective analysis of archived benign and pre-invasive
breast lesions, from large cohorts with extensive follow-up, has potential to help identify and
develop predictors for breast lesions likely to progress to invasive disease [30,48,49].
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Table 1.

Case

Age

Clinical finding

Pathology

FFPE Storage (years)

Normal 1

40

Calcification

-

1

Normal 2T

50

Calcification

-

2

Normal 3

19

Reduction

-

0.5

Normal 4

53

Reduction

-

0.5

Normal 5

51

Reduction

-

0.5

Case

Age

Clinical

LCIS Nuclear

Comedo

FFPE

finding

grade

Necrosis

Storage (years)

LCISa1T

50

Calcification

2

Absent

2

LCISa2

54

Mastectomy

2

Absent

1

LCISa3

78

Calcification

2

Present

0.5

LCISa4

66

Mass/fibroadenoma

1

Absent

0.5

LCISa5

48

Calcification*

2

Absent

1

LCISa6

64

Mass/Phyllodes tumour

1

Absent

0.5

LCISa7

57

Nipple discharge/papilloma

1

Absent

1

Comedo

FFPE

Case

Age

Clinical

LCIS Nuclear
18

finding

grade

Necrosis

Storage (years)

LCISsynch1<

53

Calcium

3

Present

1

LCISsynch2

51

Mass

2

Absent

1

LCISsynch3

59

Calcium

2

Present

3

LCISsynch4

42

Mass

2

Absent

2

LCISsynch5

73

Mass

2

Absent

1

LCISsynch6

54

Mass

2

Absent

0.5

LCISsynch7

69

Mass

2

Absent

0.5

LCISsynch8

52

Calcium

3

Present

0.5

LCISsynch9

Case

-----Sample not available------

Age

Clinical

Size

ER

PR

finding

(cm)

(%+) (%+)

Axilla

FFPE

Lymph

storage

Nodes

(years)

ILCsynch1<

53

Calcium

1.1

>95% >95%

N0 (i+)

1

ILCsynch2

51

Mass

3.5

>95% >95%

N0 (i+)

1

ILCsynch3

59

Calcium

2.0

N/A N/A

N1 mi

3

ILCsynch4

42

Calcium

1.4

30% 10%

N1 mi

2

ILCsynch5

73

Mass

1.5

90% 0%

N0 (i+)

1

19

ILCsynch6

54

Mass

2.9

95% 95%

N0

0.5

ILCsynch7

69

Mass

1.5

100% <5%

N0

0.5

N0

0.5

ILCsynch8
ILCsynch9

-----Sample not available-----74

Mass

4.5

90% 60%

20

LEGENDS.
Figure 1. Microdissection of paraffin-embedded lobular neoplasia samples for microRNA
analysis.
Representative images of specimens used in this study. Left panels: Loss of E-cadherin
immunohistochemical staining was used to diagnose lobular neoplasia. Centre panels: 10 Pm
haematoxylin and eosin staining was used to identify regions of interest for excision from normal
and neoplastic specimens. Right panels: Pathologist-identified regions of interest were
microdissected from 10 Pm sections for RNA purification.

Figure 2. MiRNA profiling of normal, LCIS and ILC samples reveals a cluster of
microRNAs enriched in lobular neoplasia.
Euclidean hierarchical clustering of miRNAs demonstrating variable expression between normal
and neoplastic samples (ANOVA, p < 0.02). A set of six miRNAs upregulated in normal
epithelium –Hsa-miR-224, -139, -10b, -450, -140, -365; and a set of six miRNAs, hsa-miR-203, 425-5p, -183, -565, -182 and -375 enriched in the neoplastic samples.

Figure 3. Quantitative RT-PCR analysis of hsa-miR375, hsa-miR-183, and hsa-miR-182 in
Lobular Neoplasia. The quantification was performed using the ''CT method described in the
materials and methods. The coloured bar-graphs represent miRNA expression measured in fold
change (2('ct nomal –'Ct LCIS sample), by comparison with normal lobular cells (average of 5 samples
(n=5)). The endogenous controls RNU44 and RNU6B (mean of Comparative threshold (Ct)
between both controls) were used to normalize miRNA expression in each specimen. Insets:
Box and whisker plots showing the distribution of expression levels of each miRNA between
normal (n=5), LCIS alone (n=7), LCIS synchronous with ILC (n=8), and the synchronous ILC
samples (n=8), plotted as fold change. The p-value represents the test for trend of expression.
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Figure 4. In situ hybridization analysis of hsa-mir-375 expression during lobular
neoplastic progression. A. Haematoxylin and eosin analysis of archived pancreas. The picture
shows the presence of several Islets of Langerhans (200x, see arrows), with one of them
enlarged for morphology analysis (400x). B. In situ hybridization detection of hsa-miR-375 in
islets of Langerhans used as a positive control for the protocol used to detect hsa-miR-375
(reference). The scramble panels show a light staining of the nuclei (red nuclear stain) and the
expression of hsa-miR-375 is detected specifically in islets of Langerhans (blue/purple stain),
with a light purple stain in surrounding cells. C. In situ hybridization detection of hsa-miR-375 in
normal lobular cells and lobular neoplasia. The left column displays the negative control
(scramble probe) and the right column the detection of hsa-miR-375. From top to bottom, hsamiR-375 can be detected very weakly in the nuclei of normal lobular cells and LCIS alone (LCIS
alone case#2 in qRT-PCR of hsa-miR-375 in Fig. 3), see arrows in 400x panels, respectively.
High expression of hsa-miR-375 can be detected in the cytoplasm of LCIS synch cells (LCIS
synch case#1 in qRT-PCR of hsa-miR-375 in Fig. 3). A weaker cytoplasmic stain is visible in
ILC synch cells (ILC synch case#1 in qRT-PCR of hsa-miR-375 in Fig. 3). For each individual
tissue, the nucleolar U6-RNA was tested as a second positive control (data not shown).

Figure 5 hsa-mir-375 expression disrupts mammary epithelial polarity. A. Quantitative RTPCR of hsa-miR-375 expression in LCIS synch case#1 (Fig. 3, Hsa-miR-375 graph, first bar in
LCIS synch group) and MCF10Ahsa-miR-375, and their respective normal controls. B. 2D culture of
MCF10Actrl (empty lentiviral vector) and MCF10Ahsa-mir-375 cells (scale bar= 200Pm). Red
fluorescent protein expression indicates stable infection by lentiviral vectors. C. Threedimensional culture in Matrigel and colony size analysis (scale bar= 100Pm). D.
Immunofluorescence analysis of single colonies, from MCF10Actrl and MCF10Ahsa-miR-375 in 3D
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cultures using Hoechst 33342 (nuclei) and D6 integrin, a marker of mammary epithelial polarity
(scale bar= 50Pm).

Table 1. Clinical data on archived specimens used for qRT-PCR validations. ș represents
specimens obtained from the same patient. LCIS synchronously found with ILC are termed
LCIS synch, and the ILC counterpart is termed ILC synch. Identical numbers between LCIS
synch and ILC synch represent specimens obtained from the same patients (ex: LCIS synch1
and ILC synch1 were obtained from the same patient). < represents specimens that were also
analyzed on the Illumina miRNA profiling platform. The size and lymph node status were based
on the original tumour. N0 describes lymph nodes without tumour cells; N0 (i+) describes lymph
nodes with tumors cells with a size <0.2 mm; N1 mi describes lymph nodes with micrometastases >0.2 mm but <2 mm.

Supplementary Figure S1. In situ hybridization analysis of hsa-mir-182 expression during
lobular neoplastic progression. In situ hybridization detection of hsa-miR-182 in normal
lobular cells and lobular neoplasia. From top to bottom, hsa-miR-182 can be detected in the
cytoplasm of LCIS synch cells (LCIS synch case#1 in qRT-PCR of hsa-miR-375 in Fig. 3). A
weaker cytoplasmic stain is visible in ILC synch cells (ILC synch case#1 in qRT-PCR of hsamiR-375 in Fig. 3).
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