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Abstract
Although comprehensive molecular diagnostics and personalized medicine have sparked excitement
among researchers and clinicians, they have yet to be fully incorporated into today’s standard of care.
This is despite the discovery of disease-related oncogenes, tumor-suppressor genes and protein
biomarkers, as well as other biological anomalies related to cancer. Each year, new tests are released
that could potentially supplement or surpass standard methods of diagnosis, including serum, protein
and gene expression analyses. All of these novel approaches have shown great promise, but initial
enthusiasm has diminished as difficulties in reproducibility, expense, standardization and proof of
significance beyond current protocols have emerged. This review will focus on current and novel
molecular diagnostic tools applied to breast cancer with special attention to the exciting new field of
microRNA analysis
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Breast cancer is a major public health issue worldwide. In 2004, the most recent year available
for global data, there were 1.15 million new breast cancer cases and over 500,000 deaths
reported around the world [1,2]. More than half of all cases occurred in industrialized nations
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[1,3]. The higher incidence of breast cancer observed in more developed regions of the world
is most likely attributed to the availability of screening programs used to detect breast cancer,
which may otherwise have never been diagnosed [4]. The total overall cost for the treatment
of patients with breast cancer increases with higher stages of the disease [5]. Therefore,
screening and diagnosis of breast cancer at earlier stages both benefits the patient and minimizes
the financial burden [5].

The traditional clinical approach to treat in situ and invasive breast cancer involves a
combination of existing surgical-, chemical- and radiation-based therapies. Surgical options
include lumpectomy, quadrantectomy, mastectomy and modified radical mastectomy. These
procedures are sometimes followed by adjuvant therapy, such as hormonal and/or
chemotherapy, which are administered in a case-dependent manner [6]. Hormonal therapies
include selective estrogen receptor modulators (SERMs), such as tamoxifen, and aromatase
inhibitors, such as anastrozole. Chemotherapy includes traditional chemotherapies as well as
specific drugs such as trastuzumab, a monoclonal antibody to the HER2/neu receptor. Although
these therapies have shown great promise in decreasing disease burden and preventing
recurrence, like most therapies, there are a variety of toxicities associated with their
administration that negatively affect the patient’s quality of life [7,8]. In addition, it is common
for patients to show treatment resistance or no clinical benefit from these established therapies
[6,8]. For these reasons, the future direction of breast cancer treatment is focused on developing
regimens that provide the greatest clinical benefit with the least amount of toxic side effects
[6].

Molecular diagnostic tests have the potential to not only provide patients with personalized
diagnostic information but also allow for specifically tailored treatment plans, thus limiting
resistance, nonresponse and toxicity. Certain molecular diagnostic tests can also provide
prognostic information about cancer in its early stages, thereby determining whether aggressive
early management is necessary. The strict definition of a prognostic molecular factor was
outlined by the NIH Consensus Conference and has the following characteristics [9–12]:

• The factor must provide significant and independent prognostic value, which has been
validated by clinical testing;

• Determination of the factor must be feasible, reproducible, widely available and
include quality control;

• The results should be readily interpreted by a clinician;

• The measurement of the marker must not consume tissue needed for other tests,
particularly histopathologic evaluation.

This review will evaluate the molecular diagnostic practices for breast cancer, including current
approaches and novel RNA-based diagnostics, as well as whether these tests demonstrate the
characteristics of a prognostic marker, as outlined previously. In addition, there will be a special
focus on the emerging molecular field of microRNA analysis and its future role in the decision-
making process for diagnostic and therapeutic approaches.

Hormone receptors: estrogen & progesterone
The presence of estrogen receptors (ER) and/or progesterone receptors (PR) is currently a
component of routine evaluation of breast cancer specimens. ER, first analyzed in breast cancer
in the late 1950s, was the first molecular marker evaluated for prognosis and therapy response
for breast cancer. ER status has been shown to have significant predictive value on tumor
response to hormone therapy in metastatic disease as well as for adjuvant therapy after local
excision [13,14]. The role of PR status in predicting tumor response to therapy is still unclear,
although it has shown promise. There is an indication that a ‘double-positive’ ER+/PR+ tumor
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responds better to hormonal therapy than ‘single-positive’ ER+/PR− or ER−/PR+ tumors [14,
15]. Whether ER and PR status also have prognostic value in addition to their predictive value
has been extensively studied but remains under debate.

Hormone status is typically assessed in the clinic by either the ligand binding assay (LBA) or,
more commonly, by immuno-histochemical staining (IHC) of tissue sections (Table 1). The
LBA, developed for estrogen receptors in 1977, involves the competitive binding of a
radiolabeled steroid to the receptor of interest [16,17]. This method allows for objective
quantification of the estrogen and progesterone receptors, reported as femtomoles of receptor
protein per milligram of total cytosol protein (fmol/mg) [13].

The more standard approach to breast cancer diagnostics via hormone receptor analysis is IHC.
IHC involves the use of antibodies and enzymes, such as horseradish peroxidase, to stain tissue
sections for the tumor antigens of interest (Table 1) [18–20]. This evaluation method can be
performed on both frozen or formalin-fixed paraffin-embedded (FFPE) tissue, as well as on
small amounts of tissue acquired in procedures such as core biopsies. IHC also has the
advantage of not only determining the percentage of positive nuclei but also the intensity of
staining in individual nuclei. Unfortunately, in addition to a lack of interlaboratory
standardization of the IHC technique, the process of evaluating the positivity of either ER or
PR staining is performed subjectively by a pathologist, thereby introducing variability in
interpretation [21]. Despite this subjectivity in staining intensity, IHC is by far the most
common approach to evaluating hormone status in breast cancer today.

HER2
Another major prognostic marker that is currently recommended for the evaluation of primary
invasive breast cancer is the human epidermal growth factor receptor 2, also known as HER2.
HER2 is an oncogene belonging to the EGF receptor (EGFR) family [22]. Gene amplification
of HER2 has been shown to occur in 10–40% of primary tumors and HER2 protein
overexpression is found in almost 25% of breast cancers [23–25]. Studies have also shown that
HER2 protein overexpression is associated with worse overall survival and twice the mortality
rate compared with women with no HER2 expression [23].

Currently, HER2 is evaluated by either IHC for protein expression or by FISH for gene
expression (Table 1) [26]. As with ER and PR, HER2 expression is reported as a percentage
of stained versus unstained tumor cells. While IHC and FISH are techniques that are feasible
to perform, reproducible and widely available, there has been a lack of standardization in the
use and interpretation of assays, as described previously [26]. Compounding this problem,
HER2 evaluation by gene amplification or protein overexpression is not recommended as the
sole determinant of prognosis. Depending on their HER2 status, patients receive a variety of
therapies. This makes it difficult in retrospective studies to discern if HER2 status is the single
factor estimating disease progression or merely a component along with differing therapies
[27].

HERmark™ assay
In an attempt to improve the current methods of HER2/neu analysis, Monogram Biosciences
has recently released the HERmark™ breast cancer assay [201]. This assay measures total
HER2 protein (H2T) and functional HER2 homodimer (H2D) levels on the cell surface of
FFPE breast cancer tissue (Table 1). It uses a dual antibody system in which a fluorescent tag
on one antibody is cleaved by a second antibody containing a photo-activated molecule. The
fluorescent tags are then quantified using capillary electrophoresis (CE). HERmark reports
whether a patient is HER2-negative, -positive or -equivocal based on quantified HER2 protein
levels expressed as numeric values [201].
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Recent studies indicate that HERmark is an accurate method for identifying breast cancer
patients who are likely to benefit from trastuzumab therapy [201]. However, as a prognosticator
of disease progression, studies suggest that measurements of the activated form of HER2 may
be more useful than measurement of total HER2 expression. Thus, despite HERmark’s
potential use as a predictive indicator of patients’ response to anti-HER2 therapy, additional
studies are required to confirm these preliminary findings and to investigate whether HER2
activation measurement is a superior prognosticator of clinical outcome [201].

RNA-based tools for breast cancer diagnostics
There are several RNA-based molecular diagnostic tools that are currently commercially
available for breast cancer (Table 1). Most of the tests either focus on gene expression
microarrays or quantitative reverse transcription (qRT)-PCR analyses. A few of the more
common gene expression tests will be highlighted here, including: Theros H/ISM and
MGISM (bioTheranostics), Mammaprint™ (Agendia), and Oncotype DX® (GenomicHealth).

Theros H/ISM & MGISM

Theros H/ISM is a molecular diagnostic test that measures the ratio of HOXB13:IL17BR gene
expression as a predictor of clinical outcome for breast cancer patients treated with tamoxifen
[28]. A high level of expression of the two-gene ratio has been associated with tumor
aggressiveness and failure to respond to tamoxifen [29]. Theros MGISM is an additional test
that uses a five-gene expression index to stratify ER+ breast cancer patients into high or low
risk of recurrence by reclassifying grade 2 (intermediate proliferative) tumors into grade 1-like
or grade 3-like outcomes [30]. Theros H/ISM and MGISM tests require a FFPE tissue section
from a breast biopsy sample. mRNA is extracted from the sample and is used to quantitatively
measure gene expression via qRT-PCR. When used in combination, these two tests
demonstrate potential advantages over current methodologies. First, they remove ambiguity
of pathologic tumor grading by reclassifying grade 2 tumors as grade 1-like or grade 3-like. In
addition, the qRT-PCR assays allow the data to be standardized in the laboratory, eliminating
variability associated with subjective grading by a pathologist [30]. However, the American
Society of Clinical Oncology (ASCO) is currently investigating the clinical utility and
appropriate application of these assays because there have been no analyses demonstrating that
this method provides superior classification of high-risk patients and their recurrence outcomes
compared with conventional methods [27]. Furthermore, while Theros H/ISM and MGISM have
shown predictive value for patients treated with hormonal therapy, ASCO recommends
additional retrospective studies examining the ability of HOXB13:IL17BR to predict
chemotherapy benefit [27].

MammaPrint™
The MammaPrint test is a molecular diagnostic tool that assesses a breast cancer patient’s
chance for tumor recurrence. The MammaPrint uses a 70-gene signature that has been shown
to have independent prognostic value over clinicopathologic risk assessment in patients with
node-negative breast cancer [31,32]. The test requires a fresh sample (at least 3 mm in diameter)
obtained during a surgical biopsy to be sent to the Agendia laboratory in Amsterdam in an
RNA-stabilizing solution for analysis. RNA is isolated from the sample, amplified and co-
hybridized with a standard reference to the MammaPrint microarray to obtain the 70-gene
expression profile [33]. This method has been shown to have an extremely high correlation of
prognostic prediction to tumor recurrence (p < 0.0001) [33]. In 2007, the US FDA approved
the MammaPrint test for use on freshly frozen tissue.

Although the MammaPrint gene expression profile has the potential to be a useful diagnostic
tool, there are many limitations that need to be taken into consideration. MammaPrint screening
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is only recommended for patients with stage 1 or 2 invasive breast cancer who are younger
than 61 years old with a lymph node-negative tumor measuring less than 5 mm3 [33]. In
addition, because the MammaPrint test requires a large amount of sample, there may not be
enough tissue remaining for routine histological evaluation. The MammaPrint assay is
currently only performed in the Agendia laboratory in Amsterdam, The Netherlands; therefore,
a variety of laboratories do not have the ability to perform the assay. The tissue collection and
handling requirements make the assay difficult for use in clinical practice. Samples taken for
analysis must be taken from regions clear of both necrotic and stromal tissue, which may be
impossible to obtain from a biopsy. Furthermore, specimens must contain at least 30%
malignant cells on hematoxylin and eosin staining to be eligible to proceed for analysis on the
MammaPrint assay [27]. For these reasons, ASCO determined that additional data from
retrospective studies are required for more definitive recommendations for use of this assay in
clinical practice [27].

Oncotype DX®
Oncotype DX is a 21-gene expression assay that uses qRT-PCR and microarray technologies
to identify patients who may be successfully treated with chemotherapy and estimate the
likelihood that invasive breast cancer will recur after treatment (Table 1) [34,35]. The
Oncotype DX assay uses FFPE tissue blocks that can be shipped from anywhere in the USA
and internationally. Currently, Oncotype DX is the standard breast cancer screening test for
women with early-stage (Stage I or II), node-negative, ER+ invasive breast cancer [34,36]. The
assay reports a recurrence score that ranges from 0 to 100, indicating the probability of cancer
recurring within 10 years of the original diagnosis [34]. The recurrence score is then categorized
into one of three groups: low, intermediate or high risk. There is a particular urgency for such
information in women with early-stage breast cancer, where the great variety of treatment
options can be narrowed down and tailored to each patient.

Both ASCO and the National Comprehensive Cancer Network (NCCN) have incorporated the
Oncotype DX assay into their guidelines, highlighting the assay’s ability to predict a patient’s
risk of recurrence and benefit from chemotherapy [26,27,202]. According to the 2007 ASCO
Clinical Guidelines, once tamoxifen-treated patients have been stratified by the Oncotype DX
assay to the low risk of recurrence group, they can be spared adjuvant chemotherapy [27]. The
2008 NCCN Breast Cancer Treatment Guidelines advise inclusion of this gene expression
assay in the systemic adjuvant treatment decision pathway for patients with node-negative,
hormone receptor-positive, HER2-negative tumors that are 0.6–1.0 cm with unfavorable
features or tumors that measure over 1 cm [202]. Although these newer diagnostic tests have
made incremental progress in breast cancer diagnosis and management, researchers and
healthcare providers are still searching for a universal, reproducible and effective test to predict
therapeutic response and outcome.

MicroRNA
The first microRNA was discovered in C. elegans in 1993 while screening for genes involved
in developmental timing [37]. One of the genes discovered in the screening did not encode a
protein, but rather a small 22-nucleotide RNA. By 2001, more than 100 of these small
regulatory RNAs, later named microRNAs or miRNAs, were identified in various species
including humans [38–40]. Today, there are approximately 700 known microRNAs in humans
(ranging from 18–24 nucleotides in length) as cataloged by miRBase at the Wellcome Trust
Sanger Institute [41–43].

MicroRNAs are initially transcribed in the nucleus as pri-miRNAs, which are approximately
500–3000 bases long containing one or more stem-loop structures (Figure 1) [44]. A
ribonuclease, Drosha, converts the pri-miRNA to pre-miRNA, which is then exported via
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Exportin-5 to the cytoplasm [45]. The pre-miRNA is then converted by another ribonuclease,
Dicer, to a short RNA duplex [46,47]. After untwisting, one strand becomes the mature single-
stranded microRNA and the other is typically degraded [48]. This mature microRNA then
combines with the RNA-induced silencing complex (RISC), which is composed of Dicer, the
HIV transactivating response RNA-binding protein (TRBP) and Argonaute2 (Ago2) [48]. The
microRNA/RISC complex attaches to the messenger RNA (mRNA) in one of two ways: when
the sequences are perfectly complementary, the microRNA/ RISC complex binds tightly to the
mRNA and, via the enzyme Ago2, the mRNA is degraded [48,49]. More commonly, when the
sequences are imperfectly complementary, the microRNA/RISC complex binds and inhibits
translation of the mRNA without degradation. The final outcome of either of these pathways
is a decrease in the protein level of the target gene.

Despite information currently known, the functional role of microRNA in mammals is still
emerging. To date, they have been associated with embryogenesis and stem cell maintenance
[50], hematopoietic stem cell differentiation [51], brain development [52,53] and cancers
[54–56]. Whether the changes in microRNA expression are a cause or effect of the disease is
not yet known for many microRNA species. The role of microRNAs in cancer was first
suspected when it was observed in C. elegans and Drosophila that microRNA controlled
aspects of cell proliferation and apoptosis [37,57]. When microRNA genes were being studied
in humans, it was noted that many genes were located at fragile sites in the genome, which are
frequently amplified or deleted in human cancers [58]. Finally, microRNA expression appeared
to be deregulated in cancer versus normal tissue [59–61]. Since those initial studies, many
examples of microRNA deregulation have been shown in chronic lymphocytic leukemia
[62], B-cell lymphoma [63,64] and breast cancer.

MicroRNA & breast cancer
MicroRNA deregulation in breast cancer was first demonstrated by Iorio and colleagues in
2005 [65]. Since this first study, there has been a surge of data accumulated on the expression
of various microRNAs and their roles in breast cancer (Table 2). More recent studies have gone
further to determine downstream targets or associate microRNA expression with prognostic
information or response to treatment. The microRNAs described in the folllowing sections
have either been shown to be consistently upregulated or downregulated and/or have been
shown to potentially possess prognostic or predictive value.

miR-21
miR-21 has surfaced in multiple studies as having consistent and significant increased
expression in breast cancer cell lines and human tissue when compared with normal cells and
tissues [65–72]. Many groups have begun researching the downstream targets of miR-21. Si
et al. created MCF-7 cells with various amounts of miR-21 knockdown, which resulted in
reduced cell growth and increased apoptosis in a dose-dependent manner [71]. In mouse
xenograft tumors, knockdown of miR-21 inhibited tumor proliferation as demonstrated by
reduction in Ki-67 immunoreactivity and tumor growth [71]. This same group went on to
compare protein expression profiles in the xenograft tumors with and without miR-21
knockdown and found that the tumor suppressor tropomyosin 1 (TPM1) was a potential target
[70]. Zhu et al. also found a binding site for miR-21 in the 3′ untranslated region (3′-UTR) of
the TPM1 transcript, which was shown to be necessary for miR-21-mediated translational
repression [70]. Another target for miR-21 appears to be tumor-suppressor gene programmed
cell death (PDCD)4 [73]. miR-21 appears to downregulate PDCD4 at the mRNA and protein
level [73]. More recently, Huang et al. found a negative correlation between miR-21 and the
expression of phosphatase and tensin homolog deleted on chromosome 10 (PTEN), which
suggests PTEN is another potential target of miR-21 [74]. In this same study, the authors
compared miR-21 expression to markers of aggressive phenotype. They found correlation

Zoon et al. Page 6

Expert Rev Mol Diagn. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



between increased expression and lymph node positivity, higher proliferation index and
advanced TNM stage [74]. This supports the results of two earlier studies, which also identified
a correlation between increased miR-21 expression and poor disease-free survival in early-
stage patients and advanced clinical stage, lymph node metastases and shortened survival
[66,75].

miR-10b
miR-10b was one of the three microRNAs in the Iorio et al. study that demonstrated significant
downregulation in breast cancer cells compared with primary human mammary epithelial cells
(HMECs) [65]. However, in a subsequent study, miR-10b appeared to be highly expressed in
metastatic cancer cells [76]. Functional studies have demonstrated that miR-10b
overexpression promotes cell migration and invasion in vitro, and initiates tumor invasion and
metastasis in vivo [76]. The same authors performed both upstream and downstream studies
for miR-10b and found potential players in both directions [76]. Upstream, studies on the
transcription factor Twist, which has been previously shown to be associated with invasive
lobular carcinoma, suggest that it directly induces miR-10b expression [76]. Downstream, it
appears miR-10b inhibits translation of homeobox D10 (HOXD10) resulting in the induction
of the pro-metastatic gene product, ras homologue gene family member C (RHOC) [76].
However, in a letter in response to this study, Gee et al. found, when studying miR-10b
expression in patients with primary tumors and nodal metastases versus primary tumors without
nodal metastases, there was no significant association between miR-10b levels and metastasis
or prognosis [77]. Ma et al. counterargued in response that their finding was an increase of
miR-10b expression in breast cancers that had already metastasized, not that increased miR-10b
in early breast cancers could predict whether the tumor would metastasize or not [77].
Differences in microRNA expression between studies may be attributed to the current
technique employed in their isolation [77]. Most analyses to this date have been on whole
tumors, which include malignant cells, normal cells, stroma and lymphocytes [77]. This,
therefore, can underestimate or entirely miss microRNAs that are expressed in a very small
population of cells within the whole sample [77].

miR-206
Multiple studies have also shown a significant association between expression of miR-206 and
the expression of estrogen receptors in breast cancer [65,78,79]. Iorio et al. were the first to
show that miR-206 expression was elevated in those tumors that were ER− [65]. Functional
studies have since shown that miR-206 can silence translation of the ER mRNA by interacting
with two sites in its 3′-UTR [79]. A recent article by Kondo et al. likewise demonstrated that
miR-206 expression was decreased in ER+ breast tumors [78]. Further supporting the
importance of miR-206, it has also been shown to decrease metastatic activity in mice for two
breast cancer cell lines: BOM1 (highly metastatic to bone) and LM2 (highly metastatic to lung)
[80]. Restoration of expression of miR-206 in BOM1 and LM2 cells significantly decreased
their metastatic activity in mouse models [80].

miR-125a/b
miR-125a and miR-125b were first demonstrated in a microRNA profile study to be
significantly downregulated in HER2-positive breast cancers [81]. Computation analysis then
confirmed target sites at the 3′UTR regions of HER2 and HER3 for these microRNAs [81]. A
tissue culture analysis demonstrated that overexpression of miR-125a or miR-125b in an
ErbB2-dependent cancer cell line (SKBR3) suppressed HER2 and HER3 transcript and protein
levels, which decreased cell motility and invasiveness [82].
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miR-27a/b
miR-27a and miR-27b appear to have opposite roles in breast cancer. miR-27a is upregulated
in breast cancer, and appears to target the transcriptional cofactor, ZBTB10 [83]. ZBTB10
represses the specificity protein 1 (SP1) transcription factor, which is overexpressed in many
cancers and plays a role in the G0–G1 to S phase progression in breast cancer cells [84].
Therefore, by reducing expression of ZBTB10, miR-27a indirectly upregulates SP1 thus
increasing S phase progression and functions as an oncogene. miR-27b, on the other hand, was
first shown by sequence comparison to be potentially associated with cytochrome P4501B1
(CYP1B1), which is known to catalyze the metabolism of certain procarcinogens and is
overexpressed in a wide range of cancers [85]. The expression level of both miR-27b and
CYP1B1 was analyzed in breast and normal tissue, which demonstrated that as miR-27b
expression decreases in breast cancer, the expression of CYP1B1 increases [86]. In a
subsequent functional study in cells from the MCF-7 cell line, miR-27b was also shown to
transcriptionally downregulate CYP1B1 expression, thus assuming the role of a tumor-
suppressor gene [86].

Expert commentary
Today’s commercially available molecular diagnostic tests show great promise in enhancing
the standard methods of assessing disease status and treatment options for breast cancer
patients. It is clear from the conservative recommendations of the American Society of Clinical
Oncology that these tests still have some hurdles to overcome. As outlined earlier, many of the
newer tests are limited to a very specific subset of breast cancer patients, which constrains their
wide-scale clinical effectiveness. Strict requirements of tissue amount, collection and handling
and even analysis location, in the case of Mammaprint, restrict their value further. While breast
cancer is a heterogeneous disease, which may ultimately require many tests at various stages,
this increases the cost and hinders the accessibility to breast cancer patients globally [87]. The
most important question is whether these new methods are superior to the standard methods
of stratifying breast cancer. Once further validation of these assays is completed, they certainly
have the potential to equal, if not surpass, the traditional ER, PR and HER2 detection methods
in terms of prognostic and predictive value. When this is achieved, it will not be long until
these assays are fully integrated into the clinical assessment of each breast cancer patient.

Likewise, microRNA demonstrates potential as a novel biomarker of disease state and
progression. If confirmed, this entity may be the newest component in the next generation of
breast cancer diagnostic assays. As described earlier, many individual microRNAs have been
linked to molecules currently used for prognosis in breast cancer, such as ER and HER2 status
[65,78,79,81,82]. In addition, a few microRNAs studied thus far have also shown differences
in expression according to breast tumor staging [76]. For example, several members of the
miR-let-7 family were found to be downregulated in breast cancer samples with lymph node
metastases or higher proliferation indices [65]. miR-210 expression has been shown to be
inversely correlated with overall and disease free survival, and positively correlated with tumor
aggressiveness, early relapse and poor outcome [88,89]. Two other microRNAs demonstrated
opposite expression changes with increasing proliferation indices and tumor stage: miR-145
was progressively downregulated with increasing proliferation index, and miR-21 was
progressively upregulated with increasing tumor stage [65]. Therefore, microRNAs show great
promise as new potential prognostic markers in breast cancer. The immediate task presented
is to determine whether they have independent prognostic value beyond their associations with
current prognostic molecules.

MicroRNAs have also been evaluated for their importance in predicting response to hormone
therapies and chemotherapies [90,91]. For example, miR-451 has been found to be associated
with multi-drug-resistance genes in MCF-7 cells [92]. Other microRNAs, such as
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miR-221/222, have been found to be upregulated in tamoxifen-resistant cells compared with
tamoxifen-sensitive cells [93,94]. These studies indicate that microRNAs also hold promise as
entities to distinguish response to treatment.

Perhaps the most important issue is that of microRNA normalization in the laboratory. There
is still uncertainty whether a microRNA ‘housekeeping’ molecule exists, similar to GAPDH
when analyzing mRNA. Recently, Davoren et al. addressed this question, specifically in breast
cancer, to help establish endogenous control genes for microRNA research in this particular
tissue type [95]. In their study, miR-let-7a and miR-16 were found to provide a reliable system
for normalization in breast [95]. However, as reported in Table 2, miR-let-7a has also been
shown to be downregulated in breast cancer in other studies. Therefore, these studies need to
be repeated and validated prior to general acceptance in the laboratory.

Another major concern with microRNA profiling to date has been the inconsistency that has
been observed from study to study. For example, Mattie et al. were able to demonstrate that a
certain microRNA signature was able to discriminate between HER2 positive and negative
tumors [81]; however, Iorio et al. and Blenkiron et al. were unable to show such an association
[54,65]. The type of sample used as the RNA source, such as cell lines versus tissue samples,
has a large influence on reported outcomes. Since microRNAs are regulating elements, their
expression may be altered in immortalized cells grown on plastic compared with actual human
tissue samples. In addition, the microRNA distribution may be heterogeneous within the tumor.
This heterogeneity may contribute to some of the inconsistencies observed thus far.

In its favor, unlike mRNA, the difference in microRNA quality between frozen and FFPE tissue
does not appear to be as much of a concern. mRNA studies typically require snap frozen tissue
to ensure intact, unmodified biomolecules. The formalin fixation process can introduce
nonspecific crosslinks between nucleic acids and proteins, which can distort results. Yet, the
small size of the microRNA (18–24 nucleotides) allows them to be more easily retrieved and
studied from both frozen and FFPE tissue. There have been numerous studies assessing the
microRNA quality from FFPE tissue compared with frozen tissue using both microarray and
qRT-PCR platforms [96–98]. The ability to utilize FFPE stored tissue blocks is a distinct
advantage for microRNA, and opens a large number of cataloged tissue specimens for study.
Furthermore, the ability to study microRNA in FFPE tissue introduces the possibility of in
situ hybridization analysis to complement the microRNA amplification-based approaches
[69].

Five-year view
The explosion of microRNA data in the past few years has begun to shed light on the
involvement of these molecules in the progression of breast cancer. One question that has arisen
from recent studies is how much of microRNA expression is a local phenomenon? For example,
due to the small size of a breast biopsy, is it possible that an area of significant microRNA
expression would be missed? Most of the studies completed to date are of either cell line or
whole-tumor tissue samples, which contain stroma and inflammatory cells in addition to
malignant tumor cells. Analyzing these samples directly could potentially dilute microRNAs
that would otherwise demonstrate significant expression in malignant tumor cells only. This
is an area of interest that may be better explored in future studies.

A significant drawback to microRNA analysis is the current lack of a consistent, universal
control. However, if a normalizer is established, microRNAs have the potential to resemble
current commercially available assays, and could easily be interpreted by physicians to assist
with decisions on patient care. There are several companies that have recently released
diagnostic tests that are based on microRNA platform data. These companies include Exiqon,
Rosetta Genomics and Asuragen [203–205]. Although these tests are for colon, lung and
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pancreatic cancer, respectively, this is an indication that a microRNA test for breast cancer
may be on the horizon.

Since most of the microRNA studies on breast cancer samples have been completed in the past
few years, it may take some time for reliable tests to be developed. However, the stability of
the microRNA, its ability to be extracted and analyzed from FFPE tissue, and the
straightforward assays that have already been developed make it a very attractive molecule for
newer, more accurate testing.

Key issues

• The main goals of molecular diagnostics will continue to be the enhancement and
fine-tuning of oncologic decision pathways and treatment options for patients with
breast cancer in order to maximize clinical benefit and minimize unnecessary
toxicity and nonresponse.

• MicroRNAs show great promise as new potential prognostic markers in breast
cancer. The immediate task presented is to determine whether they have
independent prognostic value beyond their associations with current prognostic
molecules.

• MicroRNAs also hold promise in predicting response to hormone therapies and
chemotherapies, thereby becoming unique predictive factors in breast cancer.

• However, microRNA assays do not currently have an accepted control against
which they can be compared, nor have they demonstrated ease in reproducibility.

• MicroRNAs have the potential to resemble current commercially available assays
and, therefore, could be easily interpreted by physicians to assist with patient care.

• MicroRNA assays will most likely be commercially available for breast cancer
diagnostics within the next 5 years.
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Figure 1.
MicroRNA processing in the cell.
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Table 2
Summary of microRNA associated with breast cancer.

microRNA RNA source (number of cell
lines and/or cases)

Method of analysis Expression stauts in tumor Ref.

miR-7 Fresh frozen tissue (184) miRNA microarray and qRT-PCR Expression associated with tumor aggressiveness (ER+) [89]

miR-10b Cell lines (11) qRT-PCR Highly expressed in metastatic cells [76]

Fresh frozen tissue (219) qRT-PCR Downregulated in patients with distant and regional relapse
and local recurrence

[77]

Cell lines (14)Fresh frozen tissue
(76)

miRNA microarray and northern blot Downregulated in tumors [65]

miR-Let-7/a Cell lines (4) qRT-PCR Downregulated in tumors [105]

miR-21 Cell lines (14) and fresh frozen
tissue (76)

miRNA microarray and northern blot Upregulated in tumors [65]

Fresh frozen tissue (8) FFPE tissue
(137)

miRNA microarray and qRT-PCR Overexpression correlated with advanced clinical stage,
lymph node metastasis and poor prognosis

[66]

Cell lines (13) and FFPE
Tissue (>100)

In situ hybridization Increased expression in tumors [69]

Tissue* (540) miRNA microarray Overexpressed in tumors [72]

Tissue* (40) qRT-PCR Overexpression may indicate aggressive phenotype [74]

Fresh frozen tissue (344) qRT-PCR Increased expression may aid tumor progression [75]

miR-125a Cell lines (14) and fresh frozen
tissue (76)

miRNA microarray and northern blot Downregulated in tumors [65]

miR-125b Cell lines (14) and fresh frozen
tissue (76)

miRNA microarray and northern blot Downregulated in tumors [65]

miR-128 Fresh frozen tissue (184) miRNA microarray and qRT-PCR Expression associated with tumor aggressiveness (ER+) [89]

miR-145 Cell lines (14) and fresh frozen
tissue (76)

miRNA microarray and northern blot Downregulated in tumors [65]

miR-155 Cell lines (14) and fresh frozen
tissue (76)

miRNA microarray and northern blot Upregulated in tumors [65]

miR-205 Cell lines (1) and fresh frozen
tissue

qRT-PCR and northern blot Downregulated in tumors [106]

Cell lines (5) and fresh frozen
tissue (1)

qRT-PCR Downregulated in tumors [107]

miR-206 Cell lines (1) and fresh frozen
tissue ()

qRT-PCR Downregulated in ER+tumors [78]

miR-210 Fresh frozen tissue (219) miRNA microarray and qRT-PCR Expression inversely correlated with overall and disease-free
survival

[88]

Fresh frozen tissue (298) miRNA microarray and qRT-PCR Expression associated with tumor aggressiveness (ER+),
early relapse (ER−) and poor outcome (triple negative)

[89]

miR-221/222 Cell lines (12) miRNA microarray, qRT-PCR and
northern blot

Upregulated in ER-tumors [94]

Cell lines (2) miRNA microarray and qRT-PCR Upregulated in HER2+and tamoxifen-resistant tumors [93]

miR-93 Cell lines (21) and fresh frozen
tissue (93)

miRNA microarray and qRT-PCR Highly expressed in high-grade tumors [54]

miR-106b Cell lines (21) and fresh frozen
tissue (93)

miRNA microarray and qRT-PCR Highly expressed in high-grade tumors [54]

miR-25 Cell lines (21) and fresh frozen
tissue (93)

miRNA microarray and qRT-PCR Highly expressed in high-grade tumors [54]

miR-335 Cell lines (7) and fresh frozen
tissue (20)

miRNA microarray and qRT-PCR Increased expression led to metastasis suppression [80]

miR-126 Cell lines (7) and fresh frozen
tissue (20)

miRNA microarray and qRT-PCR Increased expression led to metastasis suppression [80]

miR-328 Cell lines (2) qRT-PCR Increased expression decreased expression of breast cancer
resistance protein (BCRP/ABCG2)

[108]
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microRNA RNA source (number of cell
lines and/or cases)

Method of analysis Expression stauts in tumor Ref.

miR-373 Cell lines (4) and fresh frozen
tissue (94)

qRT-PCR Increased expression stimulated cell migration and invasion [109]

miR-516-3p Fresh Frozen Tissue (184) miRNA microarray and qRT-PCR Expression associated with tumor aggressiveness (ER+) [89]

miR-520c Cell lines (4) and fresh frozen
tissue (94)

qRT-PCR Increased expression stimulated cell migration and invasion [109]

miR-27a Cell lines (6) qRT-PCR Upregulated in tumors [110]

miR-27b Cell lines (4) and fresh frozen
tissue (24)

miRNA microarray and qRT-PCR Downregulated in tumors [86]

miR-17-5p Cell lines (12) and fresh frozen
tissue (16)

miRNA microarray, northern blot and
qRT-PCR

Downregulated in tumors [111]

miR-9-1 Cell lines (5) and fresh frozen
tissue (71)

qRT-PCR Downregulated in tumors [112]

*
Tissue fixation not specified.

ER: Estrogen receptor; FFPE: Formalin-fixed, paraffin-embedded; qRT: Quantitative reverse transcription.
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