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Abstract

The discovery of microRNAs (miRNA) as novel modulators of gene expression has resulted in a
rapidly expanding repertoire of molecules in this family, as reflected in the concomitant expansion
of scientific literature. MiRNAs are a category of naturally occurring RNA molecules that play
important regulatory roles in plants and animals by targeting mRNAs for cleavage or translational
repression. Characteristically, miRNAs are noncoding, single-stranded short (18-22 nucleotides)
RNAs, features which possibly explain why they had not been intensively investigated until
recently. Accumulating experimental evidence indicates that miRNAs play a pivotal role in many
cellular functions via the regulation of gene expression. Furthermore, their dysregulation and/or
mutation has been shown in carcinogenesis. We provide a brief review of miRNA biogenesis
and discuss the technical challenges of modifying experimental techniques to facilitate the
identification and characterization of these small RNAs. MiRNA function and their involvement
in malignancy, particularly their putative role as oncogenes or tumor suppressors is also
discussed, with a specific emphasis on breast cancer. Finally, we comment on the potential role
of miRNAs in breast cancer management, particularly in improving current prognostic tools and
achieving the goal of individualized cancer treatment.

The molecular etiology of malignancy remains one of the most

are processed to shorter f70 to 85 nucleotide precursor (pre-)
miRNAs, consisting of an imperfect stem-loop structure. Precursor molecules are subsequently exported to the cytoplasm
and cleaved to produce a transient miRNA duplex composed of
a mature miRNA sequence (f22 nucleotides in length) and its’
complementary sequence miRNA*. This sequential miRNA
processing is mediated by RNase III endonucleases Drosha
and Dicer and their protein binding partners, DGCR8 and
TRBP, respectively (Fig. 1). A miRNP (miRNA-containing ribonucleoprotein particle) complex containing Argonate protein
(Ago2) separates the miRNA duplex by binding the strand with
the less stable hydrogen bonding at its 5¶-end. This strand
becomes the mature, functionally active miRNA (8). The other
strand is degraded.
MiRNAs exhibit high evolutionary conservation over a wide
range of species and exhibit diversity in expression profiles in
cell types suggesting important regulatory functions (9).
MiRNAs exert their functionality via sequence-specific regulation of posttranscriptional gene expression by targeting mRNAs
for cleavage or translational repression (10). Most animal
miRNAs bind to the 3¶-untranslated region (UTR) of target
mRNA transcripts, in which cis-regulatory sequences of many
known posttranscriptional events occur. However, the binding
of miRNAs to coding or 5¶-UTRs can also be functional (11),
although this has not yet been clearly established in mammalian systems. The miRNP complex, similar to the RNA-induced
silencing complex, is guided to the mRNA target site by the
miRNA strand. Perfect or near-perfect complementarity to the
target site can induce gene silencing via the RNA interference
pathway (12); causing cleavage of the mRNA transcript and
degradation of the target mRNA. Predominantly, however, the
miRNA-mRNA interaction is imperfect, resulting in translational repression and subsequent reduction of steady state
protein levels of targeted genes (6).

challenging disease processes under scientific investigation. The
incidence of malignancy such as breast cancer is increasing
worldwide, with cancer replacing heart disease as the leading
cause of disease-related mortality (1). Initially identified in
1993, the first microRNAs (miRNA; lin-4 and let-7) were linked
to temporal control of developmental events in Caenorhabditis
elegans (2). MiRNAs are now recognized as a highly abundant
class of regulatory RNA molecules. The importance of miRNAdirected gene regulation is accentuated as more miRNAs and
their regulatory targets and functions are discovered. At the
time of writing, 3,834 mature miRNA sequences have been
described in primates, rodents, birds, fish, worms, flies, plants,
and viruses (3). In the human genome, 474 mature miRNAs
have been reported; however, computational prediction estimates that this could increase to >1,000 (4).
miRNA biogenesis is a multistage process commencing in the
nucleus when primary (pri-) miRNAs are transcribed by RNA
polymerase II (Fig. 1; refs. 5, 6). Pri-miRNA transcription occurs
from distinct genomic locations; many are intergenic with independent promoters, others are clustered in polycistronic transcripts, redolent of coordinate regulation. Certain pri-miRNAs
are located within introns of host genes suggesting that transcriptional regulation of miRNA biogenesis may be under hostgene promoter control in some instances (6, 7). Pri-miRNAs
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Fig. 1. miRNA biogenesis and processing. This is a
simplified representation of miRNA biogenesis and
processing in human cells. The multistep process begins
in the nucleus where the RNase III enzyme Drosha,
coupled with its binding partner DGCR8, cleaves nascent
miRNA transcripts (pri-miRNA) into f70 nucleotide
precursors (pre-miRNA). These pre-miRNAs consist of
an imperfect stem-loop structure. Pre-miRNAs are then
exported from the nucleus into the cytoplasm by Exportin
5. In the cytoplasm, the hairpin precursors are cleaved
by Dicer and its binding partner the transactivator
RNA-binding proteinTRBP into a small, imperfect dsRNA
duplex (miRNA:miRNA*) that contains both the mature
miRNA strand and its complementary strand. The miRNA
strand is incorporated into the miRNP complex and
targets complementary mRNA sequences, exerting its
functionality via mRNA cleavage
or translational repression.

specific to humans (20); the use of conservation as a limiting
criterion may result in biologically significant targets being
missed. For this reason, additional methods of target prediction
should be considered, including the use of experimental techniques such as observation of mRNA down-regulation following the overexpression of specific miRNAs (21). Experimental
validation and functional analysis is essential before a mRNA
can truly be regarded as a miRNA target.
MiRNA gene regulation plays key roles during development
and in various cellular processes such as differentiation, cell
growth, and cell death (6). These processes are commonly
dysregulated in cancer, implicating miRNAs in carcinogenesis.
The first discovery of a link between miRNAs and malignancy
was the identification of a translocation-induced deletion at
chromosome 13q14.3 in B-cell chronic lymphocytic leukemia
(22). Loss of miR-15a and miR-16-1 from this locus results in
increased expression of the antiapoptotic gene BCL2. Accelerating research in this field has resulted in the identification
and confirmation of abnormal miRNA expression in a number
of human malignancies including breast cancer (Table 1).

The precise mechanism of translational repression has not
been definitively elucidated (10) and may occur before or
after the initiation of translation (13, 14). Associated reduction in mRNA abundance has also been reported, however, it
is unclear whether this is related to translational repression or
is a separate miRNA regulation mechanism; translationally
silenced mRNAs may be sequestered in cytoplasmic P-bodies
containing mRNA degradation enzymes (15). Alternatively,
de-adenylation and decapping of targeted mRNAs can occur
independently of translational repression (16).
There is considerable evidence that small interfering RNAs,
play a role in transcriptional gene silencing via epigenetic
changes including DNA methylation and histone modification
(17). Small interfering RNAs and miRNAs share similar processing pathways and exert posttranscriptional effects via RNA
interference. The similarities between miRNA and small interfering RNA suggest that miRNAs also have the potential to affect
epigenetic mechanisms including methylation and histone deacetylation (18).
The imperfect nature of the interaction between a miRNA
and its target makes the prediction of candidate miRNAs
particularly challenging. The specific region of miRNA important for mRNA target recognition is located in the 5¶-end of the
mature miRNA from bases 2 to 8, often referred to as the ‘‘seedsequence’’ (6). Computational target prediction algorithms
have been developed to identify putative miRNA targets and
place considerable importance on this seed-sequence, using it
to search for complementary sequences in the 3¶-UTRs of
known genes that exhibit conservation across species. Such
algorithms have predicted that each miRNA may potentially
bind to as many as 200 targets, and it is estimated that miRNAs
control the expression of at least one third of human mRNA
(19). These methods are limited, however, by the fact that not
all miRNAs target the 3¶-UTR (11), and some biological
processes mediated by the miRNA-target interaction may be
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Experimental Techniques for miRNA Analysis
The unique size and structure of miRNAs necessitated the
modification of existing techniques to facilitate their analysis.
Traditional column-based RNA extraction techniques, adopted
to selectively isolate high-quality large RNA, led to miRNA
being discarded. Adaptation of existing protocols was required
to capture the miRNA component.
Microarray technology has also been modified to facilitate
miRNA expression profiling. Castoldi et al. (23) described a
novel miRNA microarray platform using locked nucleic acid –
modified capture probes. Locked nucleic acid modification
improved probe thermostability and increased specificity,
enabling miRNAs with single nucleotide differences to be
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phenotypic changes associated with specific miRNAs transfected into cell lines. Functional assays (e.g., proliferation,
migration, invasion, and angiogenesis) can be done to determine the effect of miRNA up-regulation on tumorigenic or
nontumorigenic cell populations.

discriminated—an important consideration as sequence-related
family members may be involved in different physiologic
functions (24). An alternative high-throughput miRNA profiling technique is the bead-based flow cytometric approach
developed by Lu et al. (25); individual polystyrene beads
coupled to miRNA complementary probes are marked with
fluorescent tags. After hybridization with size-fractionated
RNAs and streptavidin-phycoerythrin staining, the beads are
analyzed using a flow-cytometer to measure bead color and
phycoerythrin, denoting miRNA identity and abundance,
respectively. This method offers high specificity for closely related miRNAs because hybridization occurs in solution. The highthroughput capability of array-based platforms make them
an attractive option for miRNA studies compared with lower
throughput techniques such as Northern blotting and cloning,
which remain essential for the validation of microarray data.
Quantitative real-time PCR methodologies have been widely
applied to miRNA research. To date, the most successful
approach in terms of specificity and sensitivity is a two-step
approach using looped miRNA-specific reverse transcription
primers and TaqMan probes from Applied Biosystems. Multiplex PCR approaches for miRNAs have also been reported (26).
The development of methods to manipulate miRNA expression has enabled investigation into the cellular processes
affected by differentially expressed miRNAs and their mRNA
targets. 2-O-Methyl antisense single-strand oligonucleotides
(27 – 29) and locked nucleic acid – modified oligonucleotides
(30) have been developed as miRNA inhibitors, making the
suppression of endogenous miRNA activity and its downstream
effect on mRNA expression achievable both in vitro and in vivo.
The effect of target miRNA knockdown on cell morphology and
function can be determined using standard assays for processes
such as cell proliferation, migration, invasion, and angiogenesis. The effects of miRNA inhibition can be studied in animal
models via transfection with tumor cells treated with miRNA
inhibitors (31) or by the intravenous injection of ‘‘antagomirs’’
(2-O-methyl – modified nucleotides with a cholesterol moiety
at the 3¶-end; ref. 32).
MiRNA mimicry, a complementary technique to inhibition,
has recently been used in vitro to identify cellular processes and

miRNA and Breast Cancer
Despite the dedication of research and resources to the
elucidation of the molecular mechanisms involved, unpredictable response and development of resistance to adjuvant
therapy remain major challenges in the management of breast
cancer patients. The emergence of miRNAs as regulators of gene
expression identifies them as obvious novel candidate diagnostic and prognostic indicators and therapeutic targets.
Calin et al. (33) showed that half of the known miRNAs are
located in cancer-associated genomic regions/fragile sites, thus
potentiating their role in cancer. A specific example of this is
the polycistron cluster miR-17-92 at the c13orf25 locus on
chromosome 13q31. This locus is known to undergo loss of
heterozygosity in a number of different cancer types, including
breast cancer (34). Similarly, miR-125b, which is underexpressed in breast cancer, is located at chromosome 11q23-24,
one of the regions most frequently deleted in breast, ovarian,
and lung tumors (34). A number of other miRNAs, e.g., miR196 and miR-10a are located in Homeobox clusters (33),
known to be involved in the development of breast cancer and
malignant capacity of cancer cells (35).
MiRNA expression profiles have been used to differentiate
tumor tissue from surrounding normal tissue for tumor
classification and for prognostication. Iorio et al. (36) did a
microarray analysis of 76 breast tumor and 34 normal specimens; they identified 29 miRNAs as deregulated in breast cancer, and a set of 15 miRNAs that could correctly predict the
nature of the sample analyzed. In addition, miRNA expression
was correlated with biopathologic features such as estrogen
receptor (ER) and progesterone receptor status (miR-30) and
tumor stage (miR-213 and miR 203). The differential expression of several let-7 isoforms was associated with biopathologic
features including progesterone receptor status (let-7c), lymph

Table 1. Some miRNAs with altered expression in malignancy
Tissue/tumor type

Increased expression

Decreased expression

Lung
Breast

mir-17-92cluster, miR-17-5p
miR-21, miR-29b-2

Glioblastoma
Chronic lymphocytic leukemia
Lymphoma
Colorectal

miR-221, miR-21

let-7 family
miR-125b, miR-145 miR-10b, miR-155,
miR-17-5p, miR-27b
miR-181a, miR-181b, miR-181c
miR-15, miR-16
miR-15a
miR-143, miR-145, let-7

Thyroid
Hepatocellular
Testicular
Pancreatic

Cholangiocarcinoma
Prostate
Gastric

miR-155, miR-17-92cluster
miR-10a, miR-17-92 cluster, miR-20a,
miR-24-1, miR-29b-2, miR-31
miR-221, miR-222, miR-146, miR-181b,
miR-197, miR-346
miR-18, miR-224
miR-372, miR-373
miR-221, miR-376a, miR301, miR-21,
miR-24-2, miR-100, miR-103-1,2,
miR-107, miR-125b-1
miR-21, miR-141, miR-200b
let-7d, miR-195, miR-203
miR-223, miR-21, miR-103-2

Clin Cancer Res 2008;14(2) January 15, 2008

362

miR-199a, miR-195, miR-200a,
miR-125a
miR-375

miR-128a
miR-218-2
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levels. Conversely, MCF-7 cell transfection with antagomiR-206
resulted in increased ERa mRNA, indicating that miR-206
regulates endogenous ERa mRNA levels. Furthermore, treatment with ERa-selective agonists decreased miR-206 levels
within MCF-7 cells. Notably, this study detected at least 65
putative miRNA target sites in the 3¶-UTR of the ERa transcript,
suggesting that multiple miRNAs may play a role in regulation
of ERa expression. The existence of a feedback loop between
miR-206 and estradiol has considerable implications for our
understanding of the endocrine influence on breast cancer, and
the mechanisms involved in hormonal therapy resistance.
Scott et al. (43) showed that retroviral overexpression of miR125a and miR-125b in ERBB2-dependent human breast cancer
cell line SKBR3 resulted in the down-regulation of ERBB2 and
ERBB3 mRNA and protein levels, suppression of anchoragedependent growth potential, and inhibition of motility and
invasive capabilities. In addition, signaling by the ERK1/2 and
AKT pathways was inhibited. Her-2neu/ERBB2 – overexpressing
breast tumors exhibit aggressive growth and unpredictable
response to therapy; enhanced understanding of the regulation
of ERBB2 expression has the potential to greatly improve the
management of these aggressive tumors.

node metastasis (let-7f-1, let-7a-3, and let-7a-2), or high
proliferation index (let-7c and let-7d) in breast tumor samples
(36). Mattie et al. (37) identified unique sets of miRNAs
associated with breast cancers currently defined by their
Her2neu/ErBB2 status or their ER/progesterone receptor status.
Significantly, there was overlap between the miRNAs identified
in these profiles and Iorio’s panel (36). In initial studies, we
have shown that the expression levels of miR-195 and mir-154
are negatively correlated with ER positivity in a cohort of early
breast cancers (38).
The capacity of miRNA expression profiles to classify breast
tumors according to clinicopathologic variables currently
used to predict disease progression highlights the potential of
miRNA signatures as novel prognostic indicators which may
contribute to the improved selection of patients for adjuvant
therapy. This is an approach that has already shown promise
with genomic signatures (39), and miRNA profiles may have
superior accuracy to mRNA profiling in this regard (25).
Clustering of breast cancer tumors according to Her2neu/ErBB2
status or ER/progesterone receptor status, as shown by Mattie
et al. (37), is of particular relevance; mRNA profiles have identified distinct molecular subclasses of breast cancer, predictive
of prognosis, based on their ER and Her2neu/ERBB2 classification (luminal A, luminal B, basal-like, Her2-overexpressing,
normal-like; ref. 40). A comprehensive interrogation of the
breast cancer subclasses via miRNA expression profiling could
further characterize the molecular basis underlying these
subtypes, perhaps define more precise subsets of breast cancer,
and provide opportunities for the identification of novel targets
that can be exploited for targeted therapy.

Therapeutic Potential
The association of miRNA dysregulation with tumorigenesis and the functional analysis of specific miRNAs illustrates
the feasibility of using miRNAs as targets of therapeutic
intervention.
Anti-miRNA 2-O-methyl or locked nucleic acid oligonucleotides used to inactivate oncomirs such as miR-21 in breast
tumors may taper tumor growth (31). Anti-miR-21 – induced
reduction in tumor growth is potentiated by the addition of the
chemotherapeutic agent topotecan, an inhibitor of DNA
topoisomerase I, suggesting that suppression of the oncogenic
miR-21 could sensitize tumor cells to anticancer therapy, which
is an exciting prospect for patients exhibiting a poor response to
primary chemotherapy.
Conversely, the induction of tumor suppressor miRNA
expression using viral or liposomal delivery of tissue-specific
tumor suppressors to affected tissue may result in the
prevention of progression or even shrinking of breast tumors.
Tumor suppressor miRNA induction has also been shown to
be subject to epigenetic control. Using chromatin remodeling
drugs to simultaneously inhibit DNA methylation and histone
deacetylation, epigenetic alterations in cancer and normal cells
were manipulated by Saito et al. (44), who showed that certain
miRNAs were up-regulated in tumor cells but not in normal
cells. MiR-127, which exhibited reduced expression in 75% of
human cancer cells tested, was significantly up-regulated after
treatment. The induction of this miRNA was associated with
down-regulation of the proto-oncogene BCL6, suggesting a
cancer-protective effect for miR-127 and a novel therapeutic
strategy for the prevention and treatment of malignancy.

Specific Roles of miRNAs in Breast Cancer
MiRNAs can function as oncogenes via negative inhibition of
tumor suppressor genes or interference in pathways that control
cellular differentiation or apoptosis. Si et al. (31) identified
miR-21 as an oncogenic miRNA and showed that introduction
of anti – miR-21 significantly reduced miR-21 expression in
MCF-7 breast cancer cells. This resulted in reduced cell growth,
in a dose-dependent manner, due to decreased proliferation
and increased apoptosis. Furthermore, using a xenograft carcinoma mouse model, it was found that MCF-7 cells transfected
with anti – miR-21 grew substantially slower than negative
controls when injected into mouse mammary pads. In our
laboratory, human breast cancer primary tumors showed increased expression of miR-21 compared with normal breast
tissues (38).
Conversely, miR-17-5p is expressed at low levels in breast
cancer and was identified by Hossain et al. (41) as a probable
tumor suppressor miRNA mediated by the down-regulation of
the AIB1 protein, which is known to be overexpressed in breast
cancer. MiRNAs have also been shown to regulate the hormone
and epidermal growth factor receptors currently used as
prognostic indicators and therapeutic targets in breast cancer.
Adams et al. (42) examined the relationship between miR-206
(shown to be elevated in ERa-negative tumors; ref. 36), and the
expression of ERa. The mechanism of ERa silencing in certain
tumors remains equivocal. The authors identified and verified
two specific miR-206 binding sites in the ERa 3¶-UTR.
Transfection of MCF-7 breast cancer cells with synthetic pre –
miR-206 induced a dose-dependent repression of ERa mRNA
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miRNAs and Stem Cells: Further Therapeutic
Potential
Breast tumors contain a heterogeneous population of cells,
a minority of which have been designated breast cancer stem
cells. These cells are implicated in tumorigenesis due to their
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cells could be used to deliver miRNA antisense strands or
antagomirs directly to the tumor site, this may reduce the
problem of potential off-target effects of miRNA knockdown
elsewhere in the body.
Uncovering the precise role of miRNAs in the regulation
of cancer stem cell renewal, and the potential for combination of stem cell and miRNA-based therapeutics provides exciting implications for the future management of breast
cancer.

ability to self-renew and proliferate. Deregulation of the selfrenewal process leading to stem cell expansion is a likely early
event in carcinogenesis (45). The ability of miRNAs to simultaneously regulate many target genes makes them attractive
candidates for regulating stem cell self-renewal and cell fate
decisions. Accumulating evidence supports this hypothesis;
specific miRNAs are differentially expressed in stem cells (46).
The ablation of Dicer, a critical enzyme in miRNA generation, is
lethal to mouse embryos and results in loss of stem cell
populations (47), whereas embryonic stem cells lacking Dicer
have been specifically shown to be defective in proliferation
and differentiation (48). Furthermore, miRNAs are required
to enable stem cells to overcome the G1-S checkpoint and
achieve self-renewal (49). The identification and manipulation
of such miRNAs would facilitate the regulation of the stem cell
population driving tumorigenesis.
An additional stem cell/miRNA therapeutic possibility is the
use of mesenchymal stem cells as potential tumor-targeted
vectors for miRNA therapeutics. The ability of mesenchymal
stem cells to home directly to breast tumors and nodal
metastases has been shown in vivo (50). If mesenchymal stem

Conclusion
The involvement of miRNAs in the initiation and progression of human malignancy holds much potential for new
developments in current diagnostic and therapeutic strategies
in the management of patients with breast cancer. The identification of novel miRNAs, the elucidation of their mRNA
targets, and an understanding of their functional effects will
improve our knowledge of the roles of these novel biomarkers
in carcinogenesis and open avenues for potential therapeutic
intervention.

References
1. Jemal A, Siegel R, Ward E, et al. Cancer statistics,
2006. CA Cancer J Clin 2006;56:106 ^ 30.
2. Lee RC, Feinbaum RL, Ambros V. The C. elegans
heterochronic gene lin-4 encodes small RNAs with
antisense complementarity to lin-14. Cell 1993;75:
843 ^ 54.
3. Griffiths-Jones S, Grocock RJ, van Dongen S,
Bateman A, Enright AJ. miRBase : microRNA
sequences, targets and gene nomenclature. Nucleic
Acids Res 2006;34:D140 ^ 4.
4. Berezikov E, Guryev V, van de Belt J, Wienholds E,
Plasterk RH, Cuppen E. Phylogenetic shadowing and
computational identification of human microRNA
genes. Cell 2005;120:21 ^ 4.
5. Kim VN, Nam JW. Genomics of microRNA. Trends
Genet 2006;22:165 ^ 73.
6. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism and function. Cell 2004;116:281 ^ 97.
7. Li SC, Tang P, Lin WC. Intronic microRNA: discovery
and biological implications. DNA Cell Biol 2007;26:
195 ^ 207.
8. Gregory RI, Chendrimada TP, Cooch N, Shiekhattar
R. Human RISC couples microRNA biogenesis and
posttranscriptional gene silencing. Cell 2005;123:
631 ^ 40.
9. Niwa R, Slack FJ. The evolution of animal microRNA
function. Curr Opin Genet Dev 2007;17:145 ^ 50.
10. Jackson RJ, Standart N. How do microRNAs regulate gene expression? Sci STKE 2007;2007:re1.
11. Kloosterman WP, Wienholds E, Ketting RF, Plasterk
RH. Substrate requirements for let-7 function in the
developing zebrafish embryo. Nucleic Acids Res
2004;32:6284 ^ 91.
12. Tomari Y, Zamore PD. Perspective: machines for
RNAi. Genes Dev 2005;19:517 ^ 29.
13. Petersen CP, Bordeleau ME, Pelletier J, Sharp PA.
Short RNAs repress translation after initiation in mammalian cells. Mol Cell 2006;21:533 ^ 42.
14. Humphreys DT, Westman BJ, Martin DI, Preiss T.
MicroRNAs control translation initiation by inhibiting
eukaryotic initiation factor 4E/cap and poly(A) tail
function. Proc Natl Acad Sci U S A 2005;102:
16961 ^ 6.
15. Liu J,Valencia-Sanchez MA, Hannon GJ, Parker R.
MicroRNA-dependent localization of targeted mRNAs
to mammalian P-bodies. Nat Cell Biol 2005;7:719 ^ 23.
16. Giraldez AJ, MishimaY, Rihel J, et al. Zebrafish MiR-

430 promotes deadenylation and clearance of maternal mRNAs. Science 2006;312:75 ^ 9.
17. Mattick JS, Makunin IV. Non-coding RNA. Hum Mol
Genet 2006;15 Spec No 1:R17 ^ 29.
18. Chuang JC, Jones PA. Epigenetics and microRNAs.
Pediatr Res 2007;61:24 ^ 9R.
19. Lewis BP, Burge CB, Bartel DP. Conserved seed
pairing, often flanked by adenosines, indicates that
thousands of human genes are microRNA targets. Cell
2005;120:15 ^ 20.
20. Bentwich I, Avniel A, KarovY, et al. Identification of
hundreds of conserved and nonconserved human
microRNAs. Nat Genet 2005;37:766 ^ 70.
21.Wang X,Wang X. Systematic identification of microRNA functions by combining target prediction and
expression profiling. Nucleic Acids Res 2006;34:
1646 ^ 52.
22. Calin GA, Dumitru CD, Shimizu M, et al. Frequent deletions and down-regulation of micro-RNA
genes miR15 and miR16 at 13q14 in chronic lymphocytic leukemia. Proc Natl Acad Sci U S A 2002;99:
15524 ^ 9.
23. Castoldi M, Schmidt S, Benes V, et al. A sensitive
array for microRNA expression profiling (miChip)
based on locked nucleic acids (LNA). RNA 2006;12:
913 ^ 20.
24. Abbott AL, Alvarez-Saavedra E, Miska EA, et al.
The let-7 MicroRNA family members mir-48, mir-84,
and mir-241 function together to regulate developmental timing in Caenorhabditis elegans . Dev Cell
2005;9:403 ^ 14.
25. Lu J, Getz G, Miska EA, et al. MicroRNA expression
profiles classify human cancers. Nature 2005;435:
834 ^ 8.
26. Lao K, Xu NL, Yeung V, Chen C, Livak KJ, Straus
NA. Multiplexing RT-PCR for the detection of multiple
miRNA species in small samples. Biochem Biophys
Res Commun 2006;343:85 ^ 9.
27. Hutvagner G, Simard MJ, Mello CC, Zamore PD.
Sequence-specific inhibition of small RNA function.
PLoS Biol 2004;2:E98.
28. Meister G, Landthaler M, Dorsett Y, Tuschl T.
Sequence-specific inhibition of microRNA- and
siRNA-induced RNA silencing. RNA 2004; 10 :
544 ^ 50.
29. Boutla A, Delidakis C, Tabler M. Developmental
defects by antisense-mediated inactivation of micro-

Clin Cancer Res 2008;14(2) January 15, 2008

364

RNAs 2 and 13 in Drosophila and the identification of
putative target genes. Nucleic Acids Res 2003;31:
4973 ^ 80.
30. Orom UA, Kauppinen S, Lund AH. LNA-modified
oligonucleotides mediate specific inhibition of microRNA function. Gene 2006;372:137 ^ 41.
31. Si ML, Zhu S, Wu H, Lu Z, Wu F, Mo YY. miR21-mediated tumor growth. Oncogene 2007;26:
2799 ^ 803.
32. Krutzfeldt J, Rajewsky N, Braich R, et al. Silencing
of microRNAs in vivo with ‘antagomirs’. Nature 2005;
438:685 ^ 9.
33. Calin GA, Sevignani C, Dumitru CD, et al. Human
microRNA genes are frequently located at fragile sites
and genomic regions involved in cancers. Proc Natl
Acad Sci U S A 2004;101:2999 ^ 3004.
34. Negrini M, Rasio D, Hampton GM, et al. Definition
and refinement of chromosome 11 regions of loss of
heterozygosity in breast cancer: identification of a
new region at 11q23.3. Cancer Res 1995; 55:
3003 ^ 7.
35. Makiyama K, Hamada J, Takada M, et al. Aberrant
expression of HOX genes in human invasive breast
carcinoma. Oncol Rep 2005;13:673 ^ 9.
36. Iorio MV, Ferracin M, Liu CG, et al. MicroRNA gene
expression deregulation in human breast cancer.
Cancer Res 2005;65:7065 ^ 70.
37. Mattie MD, Benz CC, Bowers J, et al. Optimized
high-throughput microRNA expression profiling provides novel biomarker assessment of clinical prostate
and breast cancer biopsies. Mol Cancer 2006;5:24.
38. Lowery AJ, Miller N, McNeill RE, Kerin MJ. MicroRNA expression profiling in primary breast tumours
[abstract]. Eur J Cancer 2007;5 Suppl 3.
39. Potti A, Dressman HK, Bild A, et al. Genomic signatures to guide the use of chemotherapeutics. Nat Med
2006;12:1294 ^ 300.
40. SorlieT, Perou CM,Tibshirani R, et al. Gene expression patterns of breast carcinomas distinguish tumor
subclasses with clinical implications. Proc Natl Acad
Sci U S A 2001;98:10869 ^ 74.
41. Hossain A, Kuo MT, Saunders GF. Mir-17-5p regulates breast cancer cell proliferation by inhibiting translation of AIB1mRNA. Mol Cell Biol 2006;5:24.
42. Adams BD, Furneaux Dagger H, White B. The
micro-ribonucleic acid (miRNA) miR-206 targets the
human estrogen receptor-a (ERa), and represses ERa

www.aacrjournals.org

Downloaded from clincancerres.aacrjournals.org on July 26, 2017. © 2008 American Association for Cancer
Research.

MicroRNAs and Breast Cancer
messenger RNA and protein expression in breast cancer cell lines. Mol Endocrinol 2007;2:1132 ^ 47.
43. Scott GK, Goga A, Bhaumik D, Berger CE, Sullivan
CS, Benz CC. Coordinate suppression of ERBB2 and
ERBB3 by enforced expression of microRNA miR125a or miR-125b. J Biol Chem 2007;282:1479 ^ 86.
44. Saito Y, Liang G, Egger G, et al. Specific activation
of microRNA-127 with downregulation of the protooncogene BCL6 by chromatin-modifying drugs in
human cancer cells. Cancer Cell 2006;9:435 ^ 43.
45. Clarke MF, Dick JE, Dirks PB, et al. Cancer stem

www.aacrjournals.org

cellsMperspectives on current status and future directions: AACR Workshop on Cancer Stem Cells. Cancer
Res 2006;66:9339 ^ 44.
46. Suh MR, Lee Y, Kim JY, et al. Human embryonic
stem cells express a unique set of microRNAs. Dev
Biol 2004;270:488 ^ 98.
47. Bernstein E, Kim SY, Carmell MA, et al. Dicer is
essential for mouse development. Nat Genet 2003;
35:215 ^ 7.
48. Kanellopoulou C, Muljo SA, Kung AL, et al. Dicerdeficient mouse embryonic stem cells are defective in

365

differentiation and centromeric silencing. Genes Dev
2005;19:489 ^ 501.
49. Hatfield SD, Shcherbata HR, Fischer KA, Nakahara
K, Carthew RW, Ruohola-Baker H. Stem cell division
is regulated by the microRNA pathway. Nature 2005;
435:974 ^ 8.
50. Dwyer RM, Potter SM, Harrington KA, et al.
Monocyte chemotactic protein-1 (MCP-1) secreted
by primary breast tumours stimulates migration of
mesenchymal stem cells (MSCs). Clin Cancer Res
2007;13:5020 ^ 7.

Clin Cancer Res 2008;14(2) January 15, 2008

Downloaded from clincancerres.aacrjournals.org on July 26, 2017. © 2008 American Association for Cancer
Research.

MicroRNAs as Prognostic Indicators and Therapeutic
Targets: Potential Effect on Breast Cancer Management
Aoife J. Lowery, Nicola Miller, Roisin E. McNeill, et al.
Clin Cancer Res 2008;14:360-365.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://clincancerres.aacrjournals.org/content/14/2/360

This article cites 49 articles, 19 of which you can access for free at:
http://clincancerres.aacrjournals.org/content/14/2/360.full#ref-list-1
This article has been cited by 11 HighWire-hosted articles. Access the articles at:
http://clincancerres.aacrjournals.org/content/14/2/360.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, contact the AACR Publications
Department at permissions@aacr.org.

Downloaded from clincancerres.aacrjournals.org on July 26, 2017. © 2008 American Association for Cancer
Research.

