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Abstract

MicroRNAs (miRNAs) are a new class of short noncoding
regulatory RNAs (18–25 nucleotides) that are involved in
diverse developmental and pathologic processes. Altered
miRNA expression has been associated with several types of
human cancer. However, most studies did not establish
whether miRNA expression changes occurred within cells
undergoing malignant transformation. To obtain insight into
miRNA deregulation in breast cancer, we implemented an
in situ hybridization (ISH) method to reveal the spatial
distribution of miRNA expression in archived formalin-fixed,
paraffin-embedded specimens representing normal and tu-
mor tissue from >100 patient cases. Here, we report that
expression of miR-145 and miR-205 was restricted to the
myoepithelial/basal cell compartment of normal mammary
ducts and lobules, whereas their accumulation was reduced or
completely eliminated in matching tumor specimens. Con-
versely, expression of other miRNAs was detected at varying
levels predominantly within luminal epithelial cells in normal
tissue; expression of miR-21 was frequently increased, whereas
that of let-7a was decreased in malignant cells. We also
analyzed the association of miRNA expression with that of
epithelial markers; prognostic indicators such as estrogen
receptor, progesterone receptor, and HER2; as well as clinical
outcome data. This ISH approach provides a more direct and
informative assessment of how altered miRNA expression
contributes to breast carcinogenesis compared with miRNA
expression profiling in gross tissue biopsies. Most significantly,
early manifestation of altered miR-145 expression in atypical
hyperplasia and carcinoma in situ lesions suggests that this
miRNA may have a potential clinical application as a novel
biomarker for early detection. [Cancer Res 2007;67(24):11612–20]

Introduction

MicroRNAs (miRNA) are a recently discovered class of short
noncoding RNA genes that act posttranscriptionally as negative
regulators of gene expression (1, 2). A large body of research shows
that animal miRNAs play fundamental roles in many biological

processes, including cell growth and apoptosis, hematopoietic
lineage differentiation, insulin secretion, brain morphogenesis, and
muscle cell proliferation and differentiation (3). The biologically
active or mature miRNA is released after sequential enzymatic
cleavage of a pri-pre-miRNA molecule. First, a long, primary
5¶-capped, and 3¶-polyadenylated transcript is cleaved in the
nucleus by Drosha and associated proteins of the microprocessor
complex to release a canonical 70-nucleotide precursor hairpin,
which is exported to the cytoplasm via the exportin-5 pathway
where it is further cleaved by a Dicer/Argonaute multiprotein
complex to yield the mature miRNA (4). Binding of the mature
f18- to 25-nucleotide-long miRNA, in association with the
Dicer/Argonaute complex, to partially complementary sites in the
3¶-untranslated region of target mRNAs triggers translational
down-regulation and/or increased degradation of the target
mRNA (5).
About 1,000 miRNA genes are thought to be encoded in the

human genome (6, 7). Although it is still difficult to identify
accurately individual miRNA/target interactions (8), computation-
al predictions of miRNA target genes indicate that as many as one
third of all human protein-encoding genes may be regulated by
miRNAs (9). This suggests that miRNAs could be involved in a
wide variety of human diseases, including cancer. Indeed, as a
result of intense research within the last 5 years, miRNA-mediated
regulation of tumorigenesis is emerging as a new paradigm in the
field of cancer biology (10, 11). The first association between
miRNAs and cancer was the detection of frequent chromosomal
deletion and/or expression down-regulation of miR-15a and
miR16-1 in B-cell chronic lymphocytic leukemia (12). Subsequent-
ly, a unique expression signature affecting 13 miRNA genes has
been linked to prognosis and progression of this disease (13).
Specific subsets of miRNAs have also been shown to be dere-
gulated in solid tumors of the colon, lung, pancreas, and other
organs. For example, reduced expression of miR-143 and miR-145
is associated with the adenomatous and cancer stages of colo-
rectal neoplasia (14), whereas low expression of let-7 and high
expression of miR-155 correlate with poor outcome for patients
with lung adenocarcinoma (15). It has also been reported that
these miRNA signatures may be a more robust tool than
expression patterns of protein-encoding genes for distinguishing
normal from tumor tissues (16, 17). Importantly, miRNA genes
associated with these cancer signatures fulfill the criteria to be
considered as oncogenes or tumor suppressor genes. Over-
expression of the polycistronic miRNA cluster miR-17–miR-92
accelerates tumor development in a c-Myc–induced mouse model
of B-cell lymphoma (18), indicating that one or more miRNAs in
this cluster function as an oncogene. In contrast, miR-15 and
miR-16 function as tumor suppressors to modulate the expression
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of antiapoptotic gene Bcl-2 in MEG-01 leukemic cell line (19), and
let-7, a founding member of the miRNA gene family, acts in a
similar fashion to modulate the expression of proto-oncogenic
N-Ras and K-Ras in lung adenocarcinoma cells (20). Thus, pro-
filing of miRNAs in human cancer has generated great interest not
only because miRNAs could serve as useful biomarkers for early
detection, diagnosis, and/or prognosis but also because they could
shed light onto the molecular mechanisms of the tumorigenic
process and have high potential as novel targets for therapeutic
intervention using synthetic oligonucleotide technologies.
Breast carcinoma, which is the second most prevalent cancer in

women, is a complex, inadequately understood, and often fatal
disease when not detected at early stages. Microarray analyses of
mRNAs indicate that breast tumors can be grouped into four major
subtypes (luminal A, luminal B, HER2 overexpressing, and basal)
that differ with respect to their patterns of gene expression,
phenotypes, prognosis, and susceptibility to specific treatments
(21, 22). Microarray data also indicate the involvement of distinct
subpopulations of epithelial cells among tumor subtypes: cells with
myoepithelial/basal characteristics contribute almost exclusively to
the basal subtype. The gene expression subtypes closely correspond
to a more traditional classification based on the status of estrogen
receptor (ER), progesterone receptor (PR), and human epidermal
growth factor receptor-like 2 (HER2/neu) because targeted drugs
have been developed to block their signaling pathways (23). ER+

and/or PR+ and HER2� tumors (luminal A) are more likely to
respond to antiestrogens and aromatase inhibitors, ER+ and/or PR+

and HER2+ (f30% of luminal B cases) and ER�PR�HER2+ (HER2
overexpressing) respond to trastuzumab, whereas ER�PR�HER2�

cases (basal) do not respond to any of these targeted treatments
but seem to respond more favorably than other subtypes to
neoadjuvant chemotherapy regimens (24, 25).
Because multiple miRNAs are usually associated with a given

cancer signature, determining whether the observed miRNA
expression changes occur within malignant cells rather than
involved stroma, infiltrating lymphocytes, and/or vasculature is
essential to select appropriate miRNA(s) for further clinical studies
and functional analysis. This is especially important in solid tumors
such as breast carcinoma because heterogeneity of cell types
between normal and tumor tissue and among tumors may
confound the nature of altered miRNA expression. In this study,
we determined the miRNA expression profiles in a collection of
extensively studied breast cell lines and in normal and tumor
breast tissue specimens using locked nucleic acid (LNA) micro-
arrays (26–28). Then, we implemented an in situ hybridization
(ISH) method to determine the cell type specificity of miRNA
expression in formalin-fixed, paraffin-embedded (FFPE) tissue
specimens. We identified several miRNAs whose expression is
altered within distinct subpopulations of mammary epithelial cells.
miR-145 and miR-205 expression was restricted to myoepithelial
cells in normal epithelial structures, whereas their expression was
reduced or completely eliminated in matching tumor specimens.
Conversely, expression of let-7a, miR-21, miR-141, and miR-214 was
detected at varying levels predominantly within luminal epithelial
cells in normal tissue. miR-21 expression was frequently increased,
whereas let-7a expression was decreased in malignant cells, and
expression of miR-141 and miR-214 exhibited a more complex
pattern. Together, our results provide a more profound under-
standing of the etiologic relevance of altered miRNA expression in
breast cancer and suggest that each of these cell type–confined
miRNAs may operate through distinct mechanisms to affect breast

carcinogenesis. The potential clinical applications of these findings
are also discussed.

Materials and Methods

Cell lines and culture. BT-474, MCF7, MDA-MB-231, MDA-MB-453, and
MDA-MB-468 were purchased from the American Type Culture Collection.

BT-549, HS578T, NCI/ADR-RES, and MDA-MB-435 were obtained as frozen

pellets and are components of the NCI-60 cell panel.7 MCF10A,
MCF10A[Myc], MCF10A[Dp53], SK-BR-3, and immortalized mammary

epithelial cells (IMEC) were obtained from different colleagues. BT-474,

MCF7, MDA-MB-231, MDA-MB-453, MDA-MB-468, and SK-BR-3 were

cultured in DMEM/F12 (Cellgro) supplemented with 10% fetal bovine
serum, 2 mmol/L L-glutamine, penicillin, and streptomycin; MCF10A,

MCF10A[Myc], and MCF10A[Dp53] were cultured in the above medium
with the addition of 8 Ag/mL insulin, 20 ng/mL human epidermal growth
factor (EGF), and 500 ng/mL hydrocortisone. IMECs were cultured in

mammary epithelial growth medium (Clonetics) supplemented with

0.5 Ag/mL puromycin, penicillin, and streptomycin.
Tissue specimens and generation of the tissue microarray. The

Tissue Bank at Dartmouth-Hitchcock Medical Center maintains frozen

tissue and a series of FFPE tissue blocks of patients with breast cancer

diagnoses. Information on tumor size, nodal status, histologic grade,

hormone receptor status, HER2 amplification status, date of diagnosis, date
of recurrence, and date of death was collected and anonymized in a secure

database. For generation of the tissue microarray (TMA), patient cases

were selected based solely on ER/PR/HER2 status: 25 ER+PR+HER2�,
25 ER+PR�HER2�, 25 ER+/�PR+/�HER2+, and 25 ER�PR�HER2�. The ER
and PR expression was determined by immunohistochemistry, and cases

with equivocal immunostaining (1–15% tumor nuclei positive) were

excluded. HER2 amplification was confirmed by Food and Drug Adminis-
tration–approved PathVysion FISH Assay (Abbott-Vysis). All FFPE blocks

were reviewed and tissue cores were selected by a board-certified

pathologist (W.W.). A core cylinder with a diameter of 0.6 mm was

punched and deposited into a recipient paraffin block using a manual
arrayer (Beecher Instruments, Inc.).

Microarray analysis. The LNA-modified oligonucleotide probe set for all
annotated miRNAs from mouse (Mus musculus) and human (Homo sapiens)
in the miRBase Release 7.1 was purchased from Exiqon and used to

fabricate the LNA microarrays (see Supplementary Data for details). Total

RNA extracted from breast cell lines or frozen tissue specimens was

extracted with Trizol reagent (Invitrogen) and 3¶-end labeled using T4 RNA
ligase to couple Cy3- or Cy5-labeled RNA linkers (29, 30). Labeled RNA was

hybridized to LNA microarrays overnight at 65jC in a hybridization mixture
containing 4� SSC (1� SSC solution is 150 mmol/L sodium chloride and

15 mmol/L sodium citrate), 0.1% SDS, 1 Ag/AL herring sperm DNA, and
38% formamide. After hybridization, slides were washed thrice in 2� SSC

and 0.025% SDS at 65jC followed by thrice in 0.8� SSC and finally thrice in

0.4� SSC at room temperature. The microarrays were scanned using an

arrayWoRx scanner (Applied Precision) according to the manufacturer’s
recommendations. The scanned images were imported into The Institute

for Genomic Research Spotfinder version 3.1 (31) for the extraction of mean

spot intensities and median local background intensities, excluding spots
with intensities below median local background + 4 SDs. Background-

correlated intensities were normalized using variance-stabilizing normali-

zation package version 1.8.0 (32) for R.8 Probes displaying a coefficient of

variance >100% were excluded from further data analysis. Statistical
comparisons were carried out using The Institute for Genomic Research

MultiExperiment Viewer (31).

Northern blot analysis. Total RNA from each breast cell line or frozen

tissue specimen (5 Ag/lane) was used to perform Northern blots as
described by Sempere et al. (33). miRNA and snoRNA U6 antisense StarFire

(Integrated DNA Technologies) radioactively labeled probes were prepared

7 http://dtp.nci.nih.gov/
8 http://www.r-project.org
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by incorporation of 6,000 Ci/mmol [a-32P]dATP as recommended by the
vendor. Radioactive signals originating from the miRNA bands were divided

by the signal of background membrane squares of the same size. This

quotient represents fold expression over background. Values were also

corrected for loading differences based on the U6 signal. Cluster analysis
was performed using CIMminer.9

Detection of miRNAs by ISH in FFPE sections. Sections (4 Am) of
archived paraffin-embedded specimens were deparaffinized in xylenes and

then rehydrated through an ethanol dilution series ( from 100% to 25%).
Slides were submerged in diethyl pyrocarbonate–treated water and

subjected to proteinase K digestion (5–10 Ag/mL) and 0.2% glycine

treatment, refixed in 4% paraformaldehyde, and treated with acetylation

solution [66 mmol/L HCl, 0.66% (v/v) acetic anhydride, and 1.5% (v/v)
triethanolamine]; slides were rinsed thrice with 1� PBS between treat-

ments. Slides were prehybridized in hybridization solution (50% formamide,

5� SSC, 500 Ag/mL yeast tRNA, and 1� Denhardt’s solution) at 50jC for
30 min. Then, 5 to 10 pmol of FITC-labeled, LNA-modified DNA probe

(Exiqon or Integrated DNA Technologies) complementary to a given miRNA

were added to the 150 AL of hybridization solution and hybridized for 2 h at
a temperature of 20jC to 25jC below the calculated Tm of the LNA probe.
After washes in SSC at increasing stringency ( from 2� to 0.2�) at the same
temperature as of the hybridization, a tyramide signal amplification

reaction was carried out using the GenPoint Fluorescein kit (DakoCyto-

mation) following the vendor’s recommendations. Finally, slides were
mounted with Prolong Gold solution (Invitrogen). Signals were visually

quantified by L.F. Sempere using quick score system from 0 to 5, combining

intensity of signal and percentage of positive cells (signal: 0 = no signal,
1 = weak signal, 2 = intermediate signal, 3 = strong signal; percentage:

0 = 0%, 1 = <30%, 2 = >30%). Tissue sections were blindly examined by a

second individual (W.W. and/or A.S.) and this yielded a good agreement

with the initial quantifications.

Results

Expression profiling of miRNAs in normal and tumor breast
tissue. To identify miRNAs differentially expressed in breast cancer,
we used LNA microarrays to profile miRNA expression in normal
and tumor breast specimens. Our spotted LNA oligonucleotide
arrays contain capture probes for all annotated human miRNAs in
the miRNA database miRBase Release 7.1 (28, 34). Experiments
were conducted with total RNA isolated from four matched
normal/tumor specimens that were ER+PR+HER2� as well as two
tumor ER�PR�HER2+ and four tumor ER�PR�HER2� specimens.
Microarray expression profiling revealed >20 miRNAs that showed
distinct expression patterns. Most commonly, miRNAs were
expressed at higher levels in tumor specimens (Fig. 1A); miR-21
was consistently up-regulated across tumor specimens (P = 0.03,
Student’s t test), whereas other miRNAs (miR-141, miR-200b, miR-
200c, miR-214, miR-221, and miR-222) exhibited a more irregular
pattern, being highly expressed in some and completely absent in
other specimens. Interestingly, miR-205 was highly expressed in
two of the four ER�PR�HER2� specimens, suggesting perhaps an
association of miR-205 expression with this aggressive tumor
subtype or a distinct subset of cases within this tumor subtype
(see below for a detailed explanation). Only two miRNAs were
identified that showed a consistent pattern of high expression in
normal specimens and low expression in tumor specimens: miR-
145 (P = 0.003) and miR-451 (P = 0.018). To confirm these findings,
we examined expression of a subset of miRNAs by Northern blot
analysis in 11 normal and 25 tumor specimens that included all

available specimens used for LNA microarray profiling as well as
additional specimens (Fig. 1B). Overall, results obtained by LNA
microarray and Northern blot analyses were concordant. We
observed minor differences between these two techniques that
relate to the magnitude of expression changes between normal and
tumor specimens but not the direction of these changes.

miRNA expression can distinguish breast cell lines based on
their malignancy status and cellular origin. Because differences
in miRNA levels detected among normal and tumor breast
specimens may be due simply to tissue heterogeneity and/or
unequal contribution of different cell types to the tumor mass
(e.g., adipocytes versus epithelia), we set out to determine whether
observed miRNA expression changes occur within epithelial cells
undergoing malignant transformation. LNA microarrays and
Northern blot analyses were used to measure miRNA levels in a
collection of breast epithelial cell lines (BCL): two are non-
tumorigenic (IMECs and MCF10A), whereas the rest are tumori-
genic BCLs isolated from tumors or genetically transformed in the
laboratory. miRNAs showed a variety of expression patterns in
these BCLs (Fig. 1; Supplementary Figs. S1 and S2). Some were
highly restricted to one or few BCLs (miR-145 and miR-205),
whereas others were more widely expressed (let-7, miR-92, and
miR-181; Fig. 1). Induction of miR-145 expression in MCF10A[Myc]
does not seem to be a direct consequence of c-Myc activation
because IMECs transformed with c-Myc do not overexpress miR-
145 (data not shown). Interestingly, we observed several miRNAs
whose expression was elevated in tumorigenic cell lines compared
with nontumorigenic ones (miR-21, miR-23, and miR-191), whereas
only miR-205 was consistently down-regulated in tumorigenic cell
lines (Fig. 1C and D). miR-451 expression was not detected in any
of the cell lines studied, suggesting that expression changes
observed in RNA extracted from gross tissue specimens correspond
to a cell type of nonepithelial origin.
Eleven BCLs in our panel can be grouped in basal and luminal

categories based on transcriptional profiling and/or cytokeratin
expression (35, 36). Expression of some miRNAs was restricted to
BCLs within each group (Fig. 1C). miR-141–mir200c (tightly linked
on chromosome 12) and miR-183 showed a very similar pattern
that was opposite to that of mir-221–miR-222 (tightly linked on
chromosome X). These differences were sufficient to distinguish
luminal from basal BCLs. The expression of these miRNAs may
reflect a common cell type origin or common evolution of these
tumor cells.
MCF7 and T-47D are ER+ cell lines and respond to estrogen

activation, whereas BT-474, MDA-MB-453, and SK-BR-3 are
known to overexpress the HER2. Treatment of responsive cells
with fulvestrant (antagonist competitive ligand of estrogen) or
with trastuzumab (humanized antibody against the ectodomain of
HER2) did not affect expression of examined miRNAs (data not
shown). These findings are consistent with the fact that we do not
observe miRNA expression patterns that correlate exclusively with
ER or HER2 status.

Detection of miRNA expression by ISH analysis in archived
breast tissue specimens. Expression patterns of some miRNAs
in BCLs may be a consequence of the specific characteristics of
the subpopulation of cells isolated to establish the BCL and/or
prolonged growth in culture without stromal interaction. To
circumvent these potential limitations, we implemented an ISH
method to visualize miRNA expression at higher spatial resolution.
The detection of mature miRNAs by ISH is technically challenging
because of their small size. LNAs are a class of bicyclic high-affinity9 http://discover.nci.nih.gov/nature2000/tools/cimmaker.jsp
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RNA analogues in which the furanose ring in the sugar-phosphate
backbone is chemically locked in a conformation mimicking the
North-type (C3¶-endo) conformation of RNA (26, 27). This results in
an unprecedented hybridization affinity of LNA toward comple-

mentary single-stranded RNA molecules. Recently, LNA-modified
DNA probes have been used to determine the spatiotemporal
expression patterns of miRNAs in zebrafish and mouse embryos by
whole-mount ISH (30, 37) as well as in archived FFPE sections of

Figure 1. Expression profiling of miRNAs in breast cancer cases and cell lines. Total RNA was extracted from frozen normal (red) and tumor (green ) breast
tissue specimens and breast cell lines. A, colored heatmap displays mean values of miRNA expression from two to three independent normalized array data sets.
B, Northern blots of selected miRNAs in the same set of patient cases as used for LNA microarray experiments (top ) as well as in an additional set of patients
(bottom ) are displayed. Patient cases are clustered by normal and tumor classes, and within each class, they are grouped by their common ER/PR/HER2 status.
C, miRNA levels were quantified from radioactive signals of Northern blots displayed in D . Signal values were corrected for loading (using the U6 signal) and normalized
using relative values from 0 (no signal; black ) to 100 (highest value; bright yellow ). BCLs are grouped by their common gene expression signatures (35, 36). The
levels of ER, EGFR, and HER2 are those that have been reported in the literature (35, 36). D, Northern blots of selected miRNAs in a panel of commonly used BCLs.
MCF10A and IMECs are the only nontumorigenic BCLs in this panel. Two different MCF7 preparations were used: one cultured in our laboratory and the other obtained
as a nonviable frozen cell pellet as part of the NCI-60 cell panel (MCF7/NCI ). Asterisk, the breast origin of MDA-MB-435 and NCI/ADR-RES has recently been
questioned (48, 49) and they were excluded from data analysis.
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brain tissue (38). Here, we used 5¶ FITC-labeled, LNA-modified DNA
oligonucleotide probes complementary to the entire mature
sequence of a subset of selected miRNAs. Following hybridization
of the LNA probes to the FFPE sections, a tyramide signal
amplification reaction was carried out (39) using horseradish
peroxidase conjugated to anti-FITC antibodies.
We generated a TMA from archived FFPE blocks of 100 breast

cancer cases with detailed pathologic characterization and known
clinical outcome with a follow-up period of at least 4 years (Fig. 4).
These cases represent all major tumor subtypes based on the status
of ER, PR, and HER2 (Fig. 4). When available, four 0.6-mm cores
were used to represent each patient case: one normal, one
carcinoma in situ (CIS), and two invasive carcinoma (ICa) cores.
Expression of miRNAs and cytokeratins 14 (CK14; basal) and 19
(CK19; luminal) was determined on 4-Am sections obtained from
each of the TMA blocks. We focused on miR-21, miR-141, miR-145,
miR-205, miR-214, and miR-451 because they were expressed at
high levels and showed substantial differences in normal versus
tumor specimens and/or BCLs. We also chose to study let-7a
because results from a recent study suggested that let-7a was
down-regulated in breast cancer (40). We did not find a consistent
pattern of expression for miR-141 and miR-214 (Figs. 2–4) that
could be associated with the pathologic status of the cells or other
clinical variables studied (Fig. 4; data not shown). We describe
below the main findings for the other miRNAs examined.

let-7a is predominantly expressed in luminal epithelia and
its expression is down-regulated in malignant cells. In normal
tissue, the let-7a probe revealed an intense cytoplasmic signal in
luminal epithelial cells both in ductal and lobular structures,

whereas a less intense signal was commonly observed in adjacent
myoepithelial cells (Fig. 2). let-7a was also detected in endothelial
cells lining blood vessels and in fibroblasts (data not shown). In
tumor tissue, let-7a expression was readily detectable in carcinoma
cells, although frequently expression was lower than in matching
normal tissue (Figs. 3 and 4; Supplementary Fig. S3). Quantification
of let-7a signal indicated that decreased let-7a expression in cells of
epithelial origin in CIS and ICa compared with normal was
statistically significant (n = 33, P = 0.005, Wilcoxon signed-ranks
test; n = 51, P < 0.001, Wilcoxon signed-ranks test, respectively).
The apparent discordance between ISH and expression profiling
results could be explained by the overrepresentation of epithelial
cells in tumor lesions, which results in high let-7 signal detection in
gross tissue biopsies. However, let-7a expression is diminished
within individual cancer cells, which can be determined only by the
ISH approach.

miR-21 is expressed in luminal epithelia and its expression
is induced in malignant cells. In normal tissue, the miR-21 probe
revealed a cytoplasmic signal only in luminal epithelial cells that
ranged from a weak to strong intensity (Figs. 2 and 3), but in some
cases, it was not detected at all. Occasionally, miR-21 was also
detected in fibroblasts (Supplementary Fig. S3). In tumor tissue,
miR-21 was frequently detected at higher levels in carcinoma cells
than in matching normal tissue (Figs. 3 and 4). In some cases,
miR-21 expression was also elevated in tumor-associated fibro-
blasts (TAF), and in a few cases, miR-21 was only detected in TAF
and not in carcinoma cells (Supplementary Fig. S4). Quantification
of miR-21 signal indicated that increased miR-21 expression in cells
of epithelial origin in CIS and ICa compared with normal was

Figure 2. Expression of specific miRNAs is confined to luminal or myoepithelial cell compartments in normal breast tissue. In situ hybridization analyses using
5¶ fluorescein-conjugated, LNA-modified DNA probes complementary to let7-a, miR-21, miR-141, miR-145, miR-205, and miR-214 and 18S rRNA (control) were
performed on consecutive 4-Am sections obtained from an archived FFPE block of a ER+PR+HER2� patient case. An additional section was stained with H&E to reveal
overall morphology. In normal lobular and ductal structures, myoepithelial (red) and luminal cells (blue ) are indicated by arrowheads ; RNA expression in these cell
types is indicated with arrows of the corresponding color. Bottom, white arrows, induced miRNA expression in presumably preneoplastic cells adjacent to ICa
(hyperplastic duct) and/or malignant cells (ICa). Asterisk, expression of some miRNAs is also detected in normal and/or TAFs.
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statistically significant (n = 34, P = 0.04, Wilcoxon signed-ranks test;
n = 54, P < 0.001, Wilcoxon signed-ranks test, respectively), whereas
no association was found with expression in TAFs.

miR-145 is expressed in myoepithelial cells and expression
changes are apparent at early stages of breast cancer
progression. In normal tissue, the miR-145 probe revealed a
nuclear-enriched signal in myoepithelial cell layer of lobules and
ducts (Figs. 2 and 3) and in smooth muscle cells within blood
vessels (Supplementary Fig. S5). A noticeable decrease of miR-145
expression was observed in hyperplastic, probable preneoplastic,
ducts present in some of the cases examined (Fig. 2). In tumor
tissue, miR-145 expression was dramatically reduced or completely
eliminated in epithelial cells within CIS (n = 34, P < 0.001, Wilcoxon
signed-ranks test) and ICa lesions (n = 51, P < 0.001, Wilcoxon
signed-ranks test). We also observed a reduction in miR-145
expression in smooth muscle cells within tumor-involved blood
vessels (Supplementary Fig. S5). Because we did not select tissue
cores to represent normal/tumor vasculature on our TMA, we
cannot assess the clinical relevance of this reduced accumulation
of miR-145 in our limited panel of samples.
Nuclear expression of miR-145 was consistently detected in

myoepithelial cells and in smooth muscle cells of blood vessels of
murine mammary gland and other organs (Supplementary Fig. S5;
data not shown). We also observed miR-145 expression in the
muscularis externa, muscularis mucosae, and myoepithelial cells
around crypts of murine colon (Supplementary Fig. S5). Because
miR-145 down-regulation has been associated with colorectal
neoplasia, our result suggests the involvement of a similar miR-
145–mediated process in both breast and colon cancer.

miRNAs are thought to be localized to the cytoplasm where they
bind to mRNA targets and repress gene expression. Thus, nuclear
localization of miR-145 suggests a novel regulatory mechanism for
this miRNA. This is not an unprecedented observation because a
hexanucleotide element at the 3¶-end of miR-29b has been found to
be sufficient to direct miRNA/small interfering RNA nuclear import
(41). Although the 3¶-end of miR-145 has no homology to the miR-
29b sequence, perhaps miR-145 contains a distinct import element.

miR-205 is exclusively expressed in normal myoepithelial
cells and its expression is down-regulated in malignant cells. In
normal tissue, the miR-205 probe revealed an intense cytoplasm-
enriched signal exclusively within myoepithelial cells in lobules and
ducts (Fig. 2; Supplementary Fig. S6). Unlike miR-145, the offset of
miR-205 expression occurs after the atypical hyperplasia stage. miR-
205 expression changes are statistically significant at the CIS (n = 31,
P < 0.001, Wilcoxon signed-ranks test) and ICa stages (n = 51,
P < 0.001, Wilcoxon signed-ranks test) compared with normal.
Because transformed cells within the myoepithelial/basal

compartment are thought to be involved mainly in cases classified
as basal tumor subtype (ER�PR�HER2�; refs. 21, 23, 24, 42), lack of
miR-205 expression in other tumor subtypes may simply reflect the
origination of these tumor cells from a nonmyoepithelial cell
subpopulation. To test whether miR-205 is altered in malignant
cells with myoepithelial characteristics, we performed immuno-
histochemical assays to detect expression of the basal epithelial
marker CK14 for all cases included in our TMA blocks. Positive
(intense and diffused) CK14 staining was only observed in
ER�PR�HER2� cases (Figs. 3 and 4), consistent with previous
reports (43, 44). With the exception of a minority of ER�PR�HER2�

Figure 3. Altered expression of miRNAs in different tumor subtypes of breast cancer. In situ hybridization analyses using 5¶ fluorescein-conjugated, LNA-modified
DNA probes complementary to the indicated miRNA or immunohistochemical analyses of cytokeratin expression (CK19, luminal marker; CK14, basal marker) were
performed on consecutive 4-Am sections obtained from archived FFPE blocks of our TMA. A field from normal (N ) and tumor (T ) 0.6-mm cores of two randomly
selected cases representing each major tumor subtype of breast cancer is displayed: ER+PR+HER2� (dark blue ), ER+PR+HER2+ (cyan ), ER�PR�HER2+ (pink ),
and ER�PR�HER2� (red). Normal sections display either lobular or ductal structures; tumor sections display ICa lesions, unless indicated on individual panels to
represent CIS. Immunostained sections with CK14 and CK19 antibodies were counterstained with hematoxylin to reveal nuclear morphology. LE, low exposure
of indicated panel due to saturation of fluorescent signal, and thus, actual expression levels are higher than displayed here.
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cases (2 of 20), miR-205 expression was detected at lower levels in
CK14+ carcinoma cells compared with normal myoepithelial cells,
suggesting that reduction of miR-205 expression is associated with
tumor progression. Dichotomization of ER�PR�HER2� cases by
low (score 0 to 3) and high (score 4 to 5) miR-205 expression
separates cases with a favorable clinical outcome from those with a
poor outcome (Fig. 4; Supplementary Fig. S6). One of 5 cases with
high miR-205 expression relapsed, whereas 6 of 15 with low
expression relapsed and succumbed to the disease within 2 years of
recurrence. This observed trend suggests that miR-205 may serve
as a predictor of disease outcome in ER�PR�HER2� cases,
although a much larger sample size is needed to assess the clinical
relevance of this correlation.

miR-451 is exclusively expressed in erythrocytes. miR-451
was detected exclusively in mature enucleated RBCs both in
human breast and murine heart and in other tissues (Supplemen-
tary Fig. S7). This result is consistent with lack of miR-451
expression in any of the BCLs examined and with a recent report
suggesting a role for miR-451 in erythroid maturation (45). The

apparent down-regulation of miR-451 in tumor specimens
compared with normal in our microarray experiments may simply
reflect a different architecture of the tumor-involved vasculature,
which poorly irrigates the tumor mass. This further underscores
the importance of assessing miRNA expression by ISH detection in
FFPE sections to confirm results of miRNA expression profiling in
gross tissue biopsies.

Discussion

Breast cancer is diagnosed in >200,000 women in the United
States every year. Four major breast tumor subtypes have been
identified based on gene expression profiling, which in general
correspond to a specific status of ER, PR, and HER2 (23). In
this study, we report a miRNA signature within distinct sub-
populations of luminal and myoepithelial cells that reliably
separates normal from tumor specimens. In our limited cohort of
cases, we do not observe a clear association between changes of
miRNA expression and ER/PR/HER2 status, although there is a

Figure 4. Correlation of miRNA
expression with pathologic and clinical
outcome data in a cohort of 87 patient
cases. On the left, the heatmap displays
miRNA expression in epithelial cells
within normal, CIS, and ICa tissue using a
scoring system from no signal = 0 to diffuse
and intense signal = 5 (see Materials
and Methods). Interpretable results were
obtained from 87 of these 100 cases
included in the TMA. In some cases, not
enough material was present for scoring
miRNA expression and/or other variables
(N/A ). The status of CK14 and ER/PR/
HER2, histologic characteristics, and
outcome data are shown. IDCA, invasive
ductal carcinoma; ILCA, invasive ductal
carcinoma. Patient cases are sorted by
ER/PR/HER2 status and, within each
group, by their disease outcome
(Mortality ), which is expressed as elapsed
time between detection of disease
recurrence and death. The corresponding
gene expression subtype to each ER/PR/
HER2 status is shown as reference only
because microarray analyses were not
performed on these specimens.
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trend for higher miR-21 expression in ER� cases (n = 81, P = 0.012,
Mann-Whitney test). Indeed, we believe that individual miRNAs
identified in this signature have the potential to serve as new
independent biomarkers for management of different pathologic
subtypes of breast cancer, as we briefly discuss below.
Our initial expression profiling experiments identified several

miRNAs that were differentially expressed between normal and
tumor tissue specimens and among breast cell lines (Fig. 1). A
subset of these miRNAs was further studied by LNA-ISH in a cohort
of >100 patient cases (TMA cases plus individual cases), about half
of which had matching normal and tumor tissue, representing
different ER/PR/HER2 subtypes, tumor grades, and stages of the
disease (Fig. 4). We find that let-7a, miR-21, miR-141, and miR-214
are preferentially expressed in luminal cells, whereas miR-145 and
miR-205 are expressed in myoepithelial cells (Figs. 2 and 3). The
most significant changes in ICas are the frequent and dramatic
decrease of miR-145 and miR-205 expression and elevation of miR-
21 expression. Whereas no detection of miR-145 and miR-205
expression in ER+PR+/�HER2� and ER�PR�HER2+ cases may
simply reflect the nonmyoepithelial origin of their carcinoma cells,
no/low expression in CK14+ malignant cells suggests that miR-145
and miR-205 down-regulation is a consequence of disease
progression in ER�PR�HER2� cases. Alternatively, malignant cells
might originate from a myoepithelial cell subpopulations with
initial low expression of these miRNAs or from nonmyoepithelial
cells with plasticity to acquire myoepithelial/basal cell character-
istics. Overall, our results are in good agreement with a recent study
that profiled miRNA expression using total RNA extracted from
breast biopsies and found miR-145 as the most significantly down-
regulated and miR-21 as the most significantly up-regulated
miRNAs (40). This recurrent identification suggests that changes
in the levels of these miRNAs may have important functional
consequences during breast tumorigenesis. Of note, the confined
expression of these miRNAs to distinct subpopulations of epithelial
cells and their distinct intracellular localizations suggests that each
miRNA may affect the tumorigenic process through different
mechanisms.
Altered expression of miR-145 and miR-205 within myoepithe-

lial/basal exhibits different dynamics and patterns during disease
progression. Decrease of miR-145 expression is already apparent in
hyperplastic (probable preneoplastic) ducts when myoepithelial
architecture is mildly compromised. Further decrease of miR-145 in
CIS lesions is reminiscent of the decrease of laminin-1 expression,
as a consequence of perturbed myoepithelial architecture. Hence,
this suggests that loss of miR-145 expression is an early event
during breast cancer progression, which may be valuable as an
early detection biomarker or a target for therapy. On the other
hand, we observed a trend of association between high miR-205
expression and a favorable clinical outcome in ER�PR�HER2�

cases, although in a limited sample of 20 cases. A given patient case
can be ascribed to the aggressive basal subtype based on specific
gene expression profile, negative status of ER/PR/HER2, and/or
expression of basal epithelial cytokeratins (cytokeratin 5/6 and
CK14) and other molecular markers, such as EGF receptor (EGFR)

and nestin (21, 23, 43). However, it seems that at least two groups
exist among basal tumors with distinct courses of the disease and
outcome (42, 46), which are not readily discernible based on
differential expression of current markers. Thus, miR-205 may have
a potential application as an ancillary prognostic indicator of the
basal tumor subtype.
A limitation to identifying and validating potential biomarkers is

the difficulty of conducting retrospective studies with archived
tumor specimens (47) due in part to protein and RNA degradation.
Hence, the very small size of miRNAs offers a unique advantage
because short RNA molecules are substantially less susceptible
than mRNAs to enzymatic and mechanical degradation. Here, we
implemented a method for detection of miRNAs in breast cancer
specimens, LNA-ISH, which offers a spatial resolution of miRNA
expression unsurpassed by other available techniques. Our data
show that miRNAs can be detected by ISH in archived FFPE
specimens and can be used to obtain clinically relevant
information. However, we noticed that long fixation periods in
10% formalin (more than 12–18 h) can affect negatively the
intensity of the miRNA in situ signal. Some specimens included in
our studies were prepared before the implementation of institu-
tional standardization of the formalin fixation and paraffin-
embedding protocol. Although this should not affect conclusions
comparing matched normal/tumor specimens, the magnitude of
changes in miRNA expression observed in some patient cases may
reflect more this experimental variation rather than a biological
effect. Therefore, comparisons across tumor specimens should be
interpreted with caution.
The spatial miRNA expression patterns described in this study

should constitute the basis for further retrospective and prospec-
tive ISH studies in larger cohorts of breast cancer cases, which will
be necessary to validate the robustness and assess the utility of this
miRNA signature. Similar ISH studies could be designed to examine
already-identified miRNA signatures associated with other types of
cancer. We envision that our or similar ISH approaches could be
readily adapted in routine clinical practice for assessment of
patient cases.
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