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The transition from ductal carcinoma in situ to invasive ductal
carcinoma is a key event in breast cancer progression that is still
not well understood. To discover the microRNAs regulating this
critical transition, we used 80 biopsies from invasive ductal
carcinoma, 8 from ductal carcinoma in situ, and 6 from normal
breast. We selected them from a recently published deep-sequencing dataset [Farazi TA, et al. (2011) Cancer Res 71:4443–4453]. The
microRNA proﬁle established for the normal breast to ductal carcinoma in situ transition was largely maintained in the in situ to
invasive ductal carcinoma transition. Nevertheless, a nine-microRNA signature was identiﬁed that differentiated invasive from in
situ carcinoma. Speciﬁcally, let-7d, miR-210, and -221 were downregulated in the in situ and up-regulated in the invasive transition,
thus featuring an expression reversal along the cancer progression
path. Additionally, we identiﬁed microRNAs for overall survival
and time to metastasis. Five noncoding genes were associated
with both prognostic signatures—miR-210, -21, -106b*, -197, and
let-7i, with miR-210 the only one also involved in the invasive
transition. To pinpoint critical cellular functions affected in the invasive transition, we identiﬁed the protein coding genes with inversely related proﬁles to miR-210: BRCA1, FANCD, FANCF, PARP1,
E-cadherin, and Rb1 were all activated in the in situ and downregulated in the invasive carcinoma. Additionally, we detected
differential splicing isoforms with special features, including
a truncated EGFR lacking the kinase domain and overexpressed
only in ductal carcinoma in situ.
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reast cancer (BC) is a complex disease, characterized by
heterogeneity of genetic alterations and inﬂuenced by several
environmental factors. Individual molecular markers were introduced in BC diagnosis years ago, as a consequence of gene
expression proﬁling (1). Gene expression studies have shown
that estrogen receptor (ER)-positive and ER-negative BCs are
distinct diseases in molecular terms. Two key molecular signatures, PR and HER2, were fundamental in delineation of
classiﬁcation and treatments. “Triple-negative” BCs (TNBCs)—
lacking ER, progesterone receptor (PR), and HER2 expression—
are aggressive malignancies not responsive to current targeted
therapies. Ductal carcinoma in situ (DCIS) is a heterogeneous
group of lesions reﬂecting the proliferation of malignant cells
within the breast ducts without invasion through the basement
membrane (2). The currently accepted stepwise model of breast
tumorigenesis assumes a gradual transition from epithelial
hyperproliferation to DCIS and then to invasive ductal carcinoma
(IDC). This progression model is strongly supported by clinical
and epidemiological data and by molecular clonality studies. Until
1980, DCIS was diagnosed rarely and represented <1% of BCs.
With the increased use of mammography, DCIS became the
most rapidly increasing subset of BC, accounting for 15–25% of
newly diagnosed BC cases in the United States. Several genomewide mRNA expression studies failed to identify progression
stage-speciﬁc genes. A dramatic change occurs during the normal
to DCIS transition, but surprisingly, in situ and invasive breast
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carcinomas of the same histological subtype essentially share the
same genetic and epigenetic alterations and expression patterns
(3). In contrast, the mRNA proﬁles of breast tumors of distinct
subtypes (luminal, HER2+, and basal-like) are dramatically different. The expression and mutation status of numerous tumor
suppressors and oncogenes have been analyzed in DCIS and IDC
—including TP53, PTEN, PIK3CA, ERBB2, and MYC—and
differences have been found according to the tumor subtype but
not histological stage. For example, mutations in TP53 are more
frequent in basal-like and HER2+ subtypes compared with luminal tumors; in basal-like cases, PIK3CA is rarely mutated, but
PTEN is frequently lost; and ampliﬁcation of ERBB2 is speciﬁc
for the HER2+ subtype.
The expression of several candidate genes selected based on
their biological function has also been analyzed in DCIS (4). Two
recent studies identiﬁed a set of promising markers that may
correlate with the risk of recurrence of DCIS (5, 6). The ﬁrst
study demonstrated that high expression of COX-2 and Ki67 in
DCIS correlates with higher risk of local recurrence and also
implicated abnormalities in the Rb pathway as potential contributors to invasive progression. The second study identiﬁed
functional cooperation between ERBB2 and 14-3-3z that may
increase the risk of invasive progression through promotion of
epithelial to mesenchymal transition. A major limitation of both
investigations was the use of small patient cohorts, thus increasing
the probability of detecting associations that may not hold up in
later studies. Better understanding of DCIS lesions may provide
strategies for arresting invasion at the premalignant stage (7).
MicroRNA (miRNA) is a class of conserved noncoding RNAs
with regulatory functions (8) that exert important roles in cancer
(9). In 2005, our group, using microarrays, identiﬁed differentially expressed miRNAs in BC in relation to different clinical
subgroups (10). Other groups later reported clinical studies on
prognostic roles for miRNAs in large patient cohorts, using
miRNA microarrays (11–13). These studies independently linked
miR-210 to BC and showed that its expression levels correlated
with tumor aggressiveness and poor prognosis. Microarray
analysis of miRNAs has been generating much new knowledge in
recent years. Methods based on next-generation sequencing can
now provide a more detailed view of the noncoding transcriptome and thus should yield greater accuracy in characterization of clinical subtypes and identiﬁcation of novel prognostic
markers. Farazi et al. (14) recently used this technology in
studies of BC and determined miR-423 as an independent predictor of outcome. They could not conﬁrm the impact of miR-
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miRNAs Deﬁne the in Situ to IDC Transition. We generated miRNA
proﬁles for IDC, DCIS, and normal breast. Using an unbiased
approach to the complexity selection of sequencing runs, we
obtained robust and highly informative miRNA proﬁles for BC.
To this purpose, we used the sequencing data recently generated
by Farazi et al. (14). We developed a unique procedure to determine the minimum number of reads necessary to yield
miRNA proﬁles representative of the human repertoire (Fig.
S1). For this BC dataset, the minimal required complexity was
98,000 reads. Applying this threshold, 78 low-complexity BC runs
were excluded (43%), and 107 (57%) were retained for further
statistical analysis. Using this trimmed dataset, we generated an
expression matrix representative of high-, medium-, and lowabundance miRNA species. Sixty-six miRNAs were differentially
regulated in DCIS in comparison with normal breast (Table S1
and Fig. S2). To identify the miRNAs speciﬁcally altered in tumor invasion, we compared DCIS and IDC samples. Nine
miRNAs were differentially modulated in the DCIS to IDC
transition (Table S2). We deﬁned these nine miRNAs as the
invasiveness microsignature: miR-210, let-7d, miR-181a, and
-221 were activated, whereas miR-10b, -126, -218, -335-5p, and
-143 were repressed (Fig. 1). Among these nine miRNAs, let-7d,
miR-210, and -221 were those with the most extreme changes in
expression, being ﬁrst down-regulated in DCIS, relative to
normal, and then up-regulated in IDC. None of the miRNAs
involved in the DCIS/IDC transition was involved, with a similar
trend, in the early normal/DCIS transition, and no miRNA
correlated with tumor grade.
We identiﬁed differentially expressed miRNA in the IDC
subtypes. Examples are as follows: miR-190 was overexpressed in
ER+/HER2− IDC (P < 0.001; fold changes = 1.96); triplenegative IDC (TNBC) was characterized by activation of the
Myc-regulated miR17/92 oncomir cluster, miR-200c, and -128

(P < 0.001; fold changes > 2); and miR-145, -143*, -331, and -199b5p were the most repressed miRNAs in TNBC (P < 0.001; fold
changes < 0.5). Conversely, miR-200c was among the most repressed miRNAs in ER+/HER2+ double-positive BCs, together
with miR-148a and -96 (P < 0.001). The deregulated miRNAs in
four IDC clinical subgroups (ER+/HER2−, HER2+/ER−, ER+/
HER2+, and triple negative) are shown in Fig. 2, along with those
prominent in DCIS and normal breast. BC cell lines were included in the analysis. We also examined the miRNA proﬁles of
the BC molecular subtypes, described according to Farazi et al.
(14). Luminal B and basal were the subtypes best characterized by
miRNAs. miR-190 and -425 overexpression was associated with
Luminal B (P ≤ 0.001). miR-452, -224, -155, and -9 and the miR17/92 cluster were associated with the basal. Finally, the miRNAs
present in the tumors, but not in normal breast and not in the BC
cell lines, were likely the results of contaminating cell types; miR142 and -223 were two such miRNAs (Fig. 2). In fact, miR-142 and
-223 are both highly speciﬁc for the hemopoietic system (15), like
miR-342, another miRNA in the same expression cluster (Fig. 2).
Other hemopoietic miRNAs in this nonbreast gene cluster included miR-29 and -26.
Prognostic miRNA Signatures for Time to Metastasis and Overall
Survival in Breast Carcinoma. We studied the association between

miRNAs and prognosis using two clinical parameters: time to
metastasis and overall survival. The differentially expressed
miRNAs in the normal/DCIS, DCIS/IDC transitions, and the
different IDC subtypes described above (Fig. 2) were investigated; miR-127-3p, miR-210, -185, -143*, and let-7b were
among the miRNAs signiﬁcantly associated with time to metastasis, as determined by univariate and multivariate analysis
(Table S3). miR-210, -21, -221, and -652 were among those
correlated with overall survival (Table S4), with miR-210, -21,
-106b*, -197, and let-7i common to both prognostic signatures.
Among these ﬁve common miRNAs, miR-210 was the only one
present in the invasiveness microsignature. The Kaplan–Meier
curves for miR-210 in time to metastasis and overall survival of
IDC patients are shown in Fig. 3.
miR-210 and HIF1A Coupling in BC Progression. miR-210 has been
shown to be inducible by hypoxia and to regulate genes involved

Fig. 1. The key miRNA changes along the cancer progression from normal breast to DCIS and then to IDC. The three miRNAs with bold typeface were those
with expression reversal, as indicated by the colors (red, up-regulation; green, down-regulation). Sixty-six miRNAs were deregulated in the ﬁrst transition,
normal breast to DCIS (only the most signiﬁcant miRNAs are listed). Nine miRNAs were deregulated in the invasion transition, DCIS to IDC, and they are all
listed. We deﬁned this second signature as the invasiveness microsignature. None of the miRNAs involved in the invasion transition was differentially regulated, with the same trend in the ﬁrst carcinoma transition.
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210 in their patient cohort and did not establish signiﬁcant
miRNAs in the DCIS to IDC transition. The only candidate,
miR-142, was not expressed in BC cell lines, and thus the
investigators concluded that its presence was due to inﬁltration
of hemopoietic cells within the tumors.
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Fig. 2. The miRNAs deregulated in four IDC clinical subgroups (ER+/HER2−, HER2+/ER−, ER+/HER2+, and triple negative) and in DCIS and normal breast. BC
cell lines were included in the analysis (BT474, HCC38, MCF7, MDA-MB134, and ZR-751). Average expression is shown for each miRNA in each class. Expression
was mean centered for each miRNA.

in tumor initiation (16). Thus, we studied HIF1A and the primary RNA for miR-210 (pri-mir-210) in BC progression, using
Affymetrix microarray data (Table S5). As expected, there was
very good correlation between HIF1A and pri-mir-210 RNA
3026 | www.pnas.org/cgi/doi/10.1073/pnas.1200010109

(P < 0.001); we then compared each BC subtype for the relative
amounts of mature miR-210, pri-mir-210, and HIF1A (Fig. 4).
The mature miR-210 expression is shown alongside that of primir-210 and HIF1A RNA for each BC subtype and for normal
Volinia et al.
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breast. The RNA measures are indicated as percent of the total
for each RNA within the groups. The levels of HIF1A, pri-mir210, and mature miR-210 were always maximal in the HER2+/
ER− tumors, whereas the lowest levels of HIF1A and pri-mir210 were in normal breast. Levels of HIF1A are thought to indicate hypoxia (16), and the low level of HIF1A in normal breast
tissue was in agreement with normoxia. HIF1A mRNA was
strongly induced in DCIS, where hypoxia is thus likely to occur.
As expected, pri-mir-210 transcription, which is driven by a hypoxia-sensitive promoter, was accordingly activated in DCIS. The
HIF1A/pri-mir-210 ratio was maintained across the diverse IDC
subgroups. There was a single exception to coupling of mature
miR-210 and pri-mir-210 RNA in DCIS. DCIS expressed high
levels of HIF1A and pri-mir-210, suggesting hypoxia, but by far

the lowest level of mature miR-210 in the series, indicating
strong pressure for strict down-regulation.
Restricted Set of BC Genes Deﬁnes the in Situ and Invasive Transitions.

Because of the unique role of miR-210 in invasion and prognosis,
we investigated the proteins and functions controlled by its expression in BC. Thus, we examined the whole transcriptomes
from Affymetrix proﬁles of 42 normal breast, 17 DCIS, and 118
IDC samples (51 ER+/HER2−, 17 HER2+/ER−, 17 HER2+/
ER+, and 33 TNBC). We searched for genes compatible with
being direct or indirect targets of miR-210—i.e., those with antagonist behavior to that of miR-210, up-regulated in DCIS, and
down-regulated in IDC. DCIS cases had 4,524 up-regulated
probe sets (out of 8,930; false detection rate < 0.05); among

Fig. 4. The expression of mature miR-210, its primary RNA (pri-mir-210), and HIF1A for each BC subtype and for normal breast. The average was computed
within each group and reported as percentage of the total for that RNA among the different groups.
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Fig. 3. The Kaplan–Meier curves for miR-210 in time to metastasis and overall survival of patients with IDC. miR-210 was the only miRNA associated to
prognosis and present in the invasiveness microsignature.

Fig. 5. Key BC genes were inversely related to miR-210 and displayed expression reversal along the BC progression path. BC was the only signiﬁcant disease
identiﬁed (25 genes; Enrichment P < 0.001). BC genes regulated in an antagonistic fashion to miR-210, along the DCIS/IDC progression axis, included RB1,
BRCA1, FANCD, FANCF, PP2CA, PARP1, NLK, CDH1, and EHMT1. Pathways inversely related to miR-210 in BC were caspase cascade in apoptosis, HER2 receptor
recycling, TNFR1 signaling, FAS signaling (CD95), and BRCA1, BRCA2, and ATR in cancer susceptibility. Some of the genes in the pathways had differential
regulation of their splicing isoforms. For example, EGFR classical isoforms were expressed in normal breast and down-regulated in DCIS. A shorter EGFR
variant (uc003tqi.2), lacking the tyrosine kinase domain, was speciﬁcally overexpressed in DCIS.
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them, 1,761 probe sets (corresponding to 1,353 genes) were
down-regulated in IDC, thus representing potential miR-210
targets or its downstream effects. BC was the only disease signiﬁcantly associated with these genes (25 genes; Enrichment P <
0.001). BC genes regulated in an antagonistic fashion to miR210, along the DCIS/IDC progression axis, included RB1,
BRCA1, FANCD, FANCF, PP2CA, PARP1, NLK, E-cadherin
(CDH1), and EHMT1 (Fig. 5 and Fig. S3). Pathways regulated by
genes inversely related to miR-210 in BC were as follows: caspase
cascade in apoptosis, HER2 receptor recycling, TNFR1 signaling,
FAS signaling (CD95), and BRCA1, BRCA2, and ATR in cancer
susceptibility. Some of these genes were also differentially regulated according to their splicing isoforms. EGFR classical isoforms
were expressed in normal breast and down-regulated in DCIS.
Intriguingly, a truncated EGFR variant (uc003tqi.2), lacking the
whole tyrosine kinase domain, was not expressed in normal breast
or in IDC, but was speciﬁcally overexpressed in DCIS. Splicing
variants of other genes exhibiting differential tumor subgroup
expression were nibrin and ErbB3.
Discussion
We processed miRNA data from deep sequencing (14) to obtain
highly informative miRNA proﬁles for BC, which included normal breast, in situ, and IDCs. The comparison between normal
breast and IDC conﬁrmed the miRNA deregulation reported in
other studies (10). Our work extends substantially the knowledge
of the miRNA role in BC progression, with the identiﬁcation of
miR-210 and other key miRNAs involved in the normal breast/
DCIS and DCIS/IDC transitions. miR-210 was originally identiﬁed in our study on solid cancer signatures, because it was upregulated both in breast and lung cancer (17). Additionally, we
deﬁned here differentially regulated miRNAs in some histological and molecular BC types. Furthermore and foremost, our
work has clinical relevance because it determined miRNA associated with time to metastasis and overall survival. All noncoding genes that we identiﬁed in the prognostic signatures were
associated with poor outcome, with the exception of miR-21 (17,
18). This behavior ﬁt very well with miRNA expression along the
DCIS–IDC axis. In fact, the expression of miR-21, highly increased in DCIS, was maintained or even lowered in IDC. Most
of the other prognostic miRNAs had decreases of expression in
3028 | www.pnas.org/cgi/doi/10.1073/pnas.1200010109

DCIS and increases in IDC. Farazi et al. (14) identiﬁed miR4233p as associated with prognosis. Foekens et al. (11) linked miR210 to ER+ BC aggressiveness and to metastatic capability in
ER− and TNBC. Camps et al. (12) independently linked miR210 to prognosis in BC. In our trimmed dataset, miR-423-3p was
still signiﬁcant, by multivariate Cox regression and univariate
analysis, in overall survival. However, we were able to extend the
number of miRNAs associated with prognosis and to conﬁrm
miR-210. miR-221, another up-regulated gene in the invasion
transition, was previously identiﬁed as a basal-like subtype-speciﬁc miRNA that decreases expression of epithelial-speciﬁc
genes and increases expression of mesenchymal genes (19). In
our study, miR-126 and -335 were among the ﬁve miRNAs
down-regulated in the DCIS/IDC transition, a ﬁnding in complete agreement with reports that metastatic growth is initiated
by suppression of miR-126 and -335 in BC (20, 21). Nevertheless,
they were not associated with time to metastasis or overall survival in our analysis. Another miRNA down-regulated in the
DCIS/IDC transition was miR-10b, and, in agreement with other
reports, we did not ﬁnd association of miR-10b to metastasis
(22). mir-218, also down-regulated in the invasiveness miRNAsignature, was recently shown to play a critical role in nasopharyngeal carcinoma (23) and gastric cancer (24) progression.
Lastly, two miRNAs with an inverse association to risk were
miR-142-5p and miR-142-3p. They were probably not from BC
cells, because they were not expressed in BC cell lines and are
abundant in white blood cells. Their expression was inversely
associated with time to metastasis, as expected from components
of the immune system.
Very few laboratories have reported detailed molecular analysis of the normal/DCIS and DCIS/IDC transitions in BC progression. Schuetz et al. (25) described a matched-pair analysis of
DCIS and IDC tissues from nine patients and identiﬁed 546
signiﬁcantly differentially expressed probe sets. Examples of
genes already known to be associated with BC invasion are
BPAG1, LRRC15, MMP11, and PLAU. We took advantage of
the invasive miRNA signature that we determined here to
identify genes and functions associated with BC progression.
Among the nine miRNAs in the invasiveness signature, miR-210
was the only one associated to prognosis and showing expression
reversal. Thus, we focused on protein-coding genes that behaved
Volinia et al.

Materials and Methods
The raw data for short RNA sequences were obtained from Farazi et al. (14).
The GEO database accession number for this dataset was GSE29173. We
calculated the minimal run complexity of 98,000 reads for optimal representation of breast miRNA proﬁles with Complexity50. We computed Complexity50 as the median complexity of the nearest neighbors centered on
Representation50 (Fig. S1). Thus, we included in our study only those runs
that had complexity larger than Complexity50—(i.e., 107 samples were
retained out of 185) (Table S6). The normalization of the different runs was
performed by using a modiﬁcation of RPKM (27). Because the lengths of the
different miRNA species are almost constant, we did not include the miRNA
length in the normalization, which thus was simply computed as reads per
million (RPM). We thresholded the expression data at 200 RPM and excluded
miRNAs for which <20% of expression values had <1.5 fold change in either
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antagonistically to miR-210 during BC progression. For these
genes, we identiﬁed the deregulated pathways, which in turn
corresponded to a small group of key BC genes. These genes,
activated in DCIS and down-regulated in IDC, included BRCA1,
RB1, FANCD, FANCF, PP2CA, EGFR, PARP1, NLK, CDH1,
and EHMT1. CDH1, which is down-regulated and often deleted
in BC, is also one of the markers for epithelial to mesenchymal
transition (26).
In conclusion, we studied the global changes of the miRNA
repertoire along the transitions deﬁning BC progression. We
identiﬁed a nine-miRNA microsignature speciﬁc for invasiveness
and ﬁve miRNAs associated with time to metastasis and overall
survival in IDC patients. miR-210, which we showed here to be
regulated during BC progression, was also a component of the
two prognostic signatures. Finally, a set of highly prominent BC
genes was expressed in a miR-210 antagonistic fashion.

