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ABSTRACT
MicroRNAs (miRNAs) are small RNAs that do not code for
proteins, but function by controlling protein expression of
other genes. miRNAs have been shown to control cell
growth, differentiation and apoptosis. Shortly after their
discovery, miRNAs have been found to be associated with
cancer. Earlier reports have shown that human cancers
frequently show a distorted expression profile of miRNAs.
In this review, the biogenesis of miRNAs and potential
mechanisms of their dysregulation and involvement in
cancer pathogenesis are discussed. The current literature
on potential applications of miRNAs in the field of clinical
oncology from diagnostic to prognostic and predictive
applications at the tissue, and more recently, serum
levels, is reviewed. The potential therapeutic applications
of miRNAs and RNAi in the field of cancer are
summarised. Finally, some of the potential challenges that
face the transition of miRNAs from a research setting into
a clinical application are highlighted, with a future
prospective of the incorporation of miRNAs in cancer
patient management.

MicroRNAs (miRNAs) are small RNAs that have
lengths ranging from 18 to 25 nucleotides and do
not code for proteins.1 More than 12 years ago,
Ambros et al discovered a non-coding 22 nucleotide
segment of RNA transcribed from the lin-4 gene in
the nematode Caenohabditis elegans. This nucleo-
tide segment was shown to interact with the 39

untranslated region of lin-14, subsequently leading
to a reduced expression level of the later.2 Although
these small RNA segments played a major role in
gene regulation by binding to other RNA segments,
they have gone undetected by geneticists for more
than 30 years. The short length of these miRNAs
was the main reason why they have slipped
undetected. Today, miRNAs play a significant role
in opening a new realm of research that extends
past the nematode to include all multicellular
organisms that experience regulated gene expres-
sion3 and will undoubtedly lead to significant
advances, especially in cancer research.4

This review summarises current evidence of the
involvement of miRNAs in cancer and the spec-
trum of potential clinical applications of miRNAs
in human cancer that encompasses diagnosis,
prognosis, prediction of treatment efficiency and
therapy. We also discuss the challenges that face
the transition of these applications from the
research setting to clinical services.

DEFINITIONS
In addition to mRNA, several classes of small non-
coding RNAs have been identified. These include
miRNAs, small interfering RNA (siRNA), rRNA,

tRNA and small nuclear RNA (snRNA). The
distinction between miRNA and siRNA cannot
be made based only on the structure or the
mechanism of action.5 Typically, for a molecule
to be classified as an miRNA, it has to meet two of
the following three criteria: (i) its expression
should be confirmed by Northern blotting, RT-
PCR or RNase protection assay (expression criter-
ion); (ii) the sequence should be present in one arm
of the hairpin precursor, which lacks large internal
loops or bulges (structure criterion); (iii) the
sequences should be phylogenetically conserved
(conservation criterion).6 The most important
distinguishing criteria between miRNA and
siRNA have been recently described6 7 and are
summarised in table 1.

BIOGENESIS AND PHYSIOLOGICAL FUNCTIONS
Biogenesis of miRNAs has been discussed in detail
in a number of recent excellent reviews.1 8 9

Beginning with miRNA gene transcription by
RNA polymerase II, a long primary miRNA is
produced. This is termed ‘‘pri-miRNA’’. This is
then modified in the nucleus through capping,
polyadenylation and subsequently cleaving into
smaller segments by an RNase III enzyme
‘‘Drosha’’. A hairpin precursor of 60–70 nucleotides
is formed, and is termed ‘‘pre-miRNA’’, which is
then transported to the cytoplasm by ‘‘exportin 5’’
where it is modified by another RNase enzyme
‘‘Dicer’’. The resulting miRNA is a mature 19–24
nucleotide duplex. One of the two mature miRNA
strands is integrated into a large protein complex
called RNA-induced silencing complex (RISC); that
then cleaves the target mRNA or represses its
translation to protein, depending on the degree of
complementarity with the target mRNA. The
other strand is subsequently destroyed via cleavage
or a bypass mechanism.

miRNAs have a number of biologically diverse
functions.3 By binding through imprecise sequence
complementarities, miRNAs control the expression
of thousands of genes,3 5 which subsequently
influence several cell regulation pathways, includ-
ing cell mobility, differentiation, development,
proliferation and apoptosis (for more details, please
refer to recent review articles10–14). miRNAs have
only been found in multicellular organisms. This
suggests that miRNAs are essential towards cell
maturation; either by differentiation into specific
cell types or maintaining cells at a differentiation
stage.3

miRNAs AND CANCER
Shortly after their discovery, miRNAs have been
found to be associated with cancer.15 This link is
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inspired by viewing cancer as rapid and abnormal cell growth,
migration and apoptosis. Earlier reports have proven that
human cancers frequently show a distorted expression profile
of miRNAs. miRNA dysregulation has been reported in many
types of tumours, eg lymphoma, colorectal cancer, breast
cancer, glioblastoma, lung cancer and testicular germ cell
cancer, among many others.16 17

A further link to carcinogenesis stems from the finding that
more than half of the cancer-dysregulated miRNAs are located
in cancer hotspot chromosomal regions, such as fragile sites,
regions of loss of heterozygosity, amplification or common
breakpoint regions.18 One example of this is miR-15 and miR-16
genes whose expression is often suppressed in chronic lympho-
cytic leukaemia; they are found in a chromosomal region that is
usually deleted in this malignancy.19

As fig 1 shows, there are different possible mechanisms for
altered miRNA gene expression in cancer. For more detailed
discussion on this topic, we refer the reader to a number of
recent excellent reviews.20–23 miRNAs can be located in areas
that undergo genetic alterations (like deletions or amplifica-
tions) in specific cancers. Germ-line or somatic mutations of
miRNAs (or their targets) can also lead to altered function.
Recent evidence has also shown that epigenetic changes (eg,
methylation) can also affect miRNA expression in malignancy.24

Other potential mechanisms include defective post-transcrip-
tional regulation; it is found that miRNA expression is
suppressed in many cancers due to a functional defect of the
miRNA processing enzyme Drosha.23

MiRNAs can be either causes or effects of the carcinogenic
process. As fig 2 illustrates, miRNAs down-regulate gene
expression, and fluctuations in their concentration can affect
either oncogenes or tumour suppressor genes. In this regard,
miRNAs can be viewed as having oncogenic (eg, miR-21, miR-
106a and miR-155) or tumour-suppressor (eg, let-7, miR-15a/16,
miR-34a and miR-143/145) effects depending on their targets.25

In other words, over-expressed miRNAs in cancers may
function as oncogenes by negatively regulating tumour sup-
pressor genes and/or genes that control cell differentiation or
apoptosis, or might function as tumour suppressor genes by
suppressing oncogenes.26 On the other hand, some miRNAs can
be downstream targets of oncogenes or tumour suppressor
genes, like p53.27

There are three possible venues that can explain the link
between miRNAs and cancer progression: cell adhesion,
angiogenesis, and cell matrix digestion and signalling.28 Few
miRNAs, like mir-9, have been found to regulate E-cadherin
expression. Loss of E-cadherin is an adverse prognostic factor in
a wide variety of gastrointestinal, endocrine, pulmonary and
genitourinary carcinomas as well as melanoma. Also, a number
of miRNAs have been proposed to regulate the expression of
vascular endothelial growth factors, hypoxia-related genes and

angiopoetins. Finally, a series of miRNAs have been linked to
matrix metalloproteases (MMPs), MMP inhibitors (or TIMPS),
and plasminogen-related proteases associated with tumour
invasion of stroma.28

In addition to the direct effect on cancer cells, one important
factor to consider is the altered tumour–host interactions
leading to sustained angiogenesis and the ability to invade and
metastasise. As discussed in more details in a recent review,29 it
is possible that miRNAs may regulate these aspects of tumour
biology, including cell adhesion, neovascularisation and tissue
invasion.

CLINICAL APPLICATIONS
The spectrum of potential applications of miRNAs in cancer is
broad and continues to grow. They can be used for diagnosis,
tumour classification, prognosis and prediction of treatment
efficiency, in addition to therapeutic applications in many
human malignancies.30

miRNAs as diagnostic markers
Accumulating reports highlight the potential diagnostic utility
of miRNA in cancer.8 16 31 As table 2 shows, diagnostic
applications have three aspects; miRNA expression profiles
can be used: to distinguish normal from malignant tissues; to
identify the tissue of origin in poorly differentiated tumours or
tumours of unknown origin; and finally, to distinguish the
different subtypes of the same tumour.

Earlier reports have shown the presence of tissue-specific
signatures of miRNA expression. This is potentially helpful in
the categorisation of tumours that otherwise cannot be properly
classified by morphology and immunohistochemistry alone, an
important problem in surgical pathology practice. Interestingly,
Lu et al observed a superior ability of miRNAs in classifying
tumours compared to mRNA profiling.16 Very recently, reports
have shown that miRNAs can be also detected in serum in a
remarkably stable form.32–34 One study showed that miRNAs
originating from human prostate cancer can access the
circulation directly, not only inside exfoliated cells.34 Another
study identified specific expression patterns of serum miRNAs
for lung cancer, colorectal cancer and diabetes.32 If confirmed by
independent studies, these results open the promise of utilising
miRNAs for the blood-based detection of cancer.

Increasing evidence has shown that miRNA expression is
useful in classifying a variety of cancers into molecular subtypes
with different outcomes. As table 2 shows, thyroid and breast
cancers are two good examples.

It is worth mentioning here that Mattie et al showed that
miRNA expression profiling can be performed on small clinical
samples, such as breast and prostate cancer biopsy specimens.35

Table 1 The major distinguishing features between microRNA (miRNA) and small interfering RNA (siRNA)

miRNA siRNA

1 Always endogenous Can be endogenous or exogenous

2 Usually derived from genomic loci distinct from recognised genes Usually derived from mRNAs, transposons, viruses or heterochromatic DNA

3 Formed from local RNA hairpin structures Produced from long exogenous or endogenous dsRNA molecules (very long hairpins or
bio-molecular duplexes)

4 A single miRNA:miRNA* duplex is generated from each hairpin precursor Multiple duplexes are generated

5 Highly conserved among species Rarely conserved

6 Hetero-silencing; ie, target remote loci Auto-silencing; ie, target the same locus

7 Processed in the nucleus by Drosha and in the cytoplasm by dicer Processed in the cytoplasm by dicer

8 Perform function by either suppressing protein synthesis or mRNA cleavage Perform function by mRNA cleavage
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Other clinical applications
The clinical utilities of miRNAs in cancer extend beyond
diagnostics to other important potential applications. As table 3
shows, a series of studies published during the last few years
have revealed the association of miRNA expression with clinical
outcome and prognosis in a variety of human tumours.30

Certain germ-line mutations were found to occur in cases with
familial cancer. In addition, preliminary evidence suggests that

miRNAs can serve as predictive markers and indicators of
disease relapse and also metastasis.

It is important to mention that conclusions obtained from
studies performed in cell lines and a limited number of clinical
samples can be very different from those derived from studies
performed in a large number of human tumour specimens. In a
recent study by Gee et al,36 it was found that the expression of
miR10b does not correlate with distant metastasis or poor
prognosis in breast cancer, whereas Ma et al have found that
miR10b overexpression is correlated with metastatic beha-
viour.37

Potential therapeutic applications of miRNAs and siRNAs
Recently, short interfering RNAs (siRNAs) and miRNAs have
gained considerable attention as potential promising targets for
cancer therapeutics. The fact that miRNA dysregulation in
cancer has a pathogenic effect provides the rationale for using
miRNAs as potential therapeutic targets in cancer.38 miRNA-
based cancer gene therapy offers the theoretical appeal of
targeting multiple gene networks that are controlled by a single,
aberrantly expressed miRNA.25 Reconstitution of tumour-
suppressor miRNAs, or sequence-specific knockdown of onco-
genic miRNAs has produced favourable anti-tumour outcomes
in experimental models; these are now being tested for
therapeutic applications in different cancers.4

There are different available strategies to modulate miRNA
effects in cancer for therapeutic purposes.39 Inhibition of
miRNA expression can be achieved using anti-sense oligonu-
cleotides ‘‘antagomirs’’, or their chemically modified versions,
like locked nucleic acids (LNA),40 or inhibiting production of the
mature forms by affecting their processing. Restoring miRNA
expression, on the other hand, can be achieved by transfecting
miRNA mimics either directly or through vectors.

Figure 1 A schematic presentation of the possible mechanisms of altered microRNA (miRNA) expression in cancer. miRNAs can be located in areas
that undergo genetic alterations (eg, deletions or amplifications) in cancer. Mutations of miRNAs or their targets, either germ-line or somatic can also
lead to altered function. Epigenetic changes (eg, methylation) can also affect miRNA expression in malignancy. Other potential mechanisms include
defective post-transcriptional regulation, including processing or degradation.

Figure 2 A schematic showing the possible mechanisms of microRNA
(miRNA) involvement in carcinogenesis. Altered miRNA expression may
result from gross chromosomal alterations (eg, insertions or deletions) or
over- or under-expression of upstream control molecules, like oncogenes
or tumour suppressor genes. miRNA dysregulation affects target genes
that are critical to tumour initiation and/or progression. miRNAs can also
affect the expression levels of certain oncogenes or tumour suppressor
genes whose targets are keys for carcinogenesis.
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Corsten et al showed, by using cytotoxic agents in conjunc-
tion with the suppression of miR-21 promotes, a synergistic rise
in caspase activity and a significant decrease in cell viability in
human glioma cells within both in vitro and in vivo brain
tumour mouse xenograft.41 As an initial step to help directing
miRNA research towards therapeutic applications, Rossi et al
attempted to provide an updated catalogue of miRNAs located
at fragile sites or at cancer susceptibility loci.42

One of the first demonstrations of inhibition of expression of
a constitutively over-expressed tumour protein by synthetic
miRNA targeting 39 un-translated regions of its mRNA was
done for the HER-2 proto-oncogene.43 Scott et al have also
recently explored the potential of exogenously applied miRNAs
to suppress ERBB oncogene family proteins.44 In haematological
malignancies, the potential of therapeutic applications of
miRNA-based technology has been recently reviewed.45

Another study has shown that tandem arrays of miRNA
mimics can effectively alter the leukaemogenic potency.46 Also,
re-expression of miR-203 has been shown to have therapeutic
benefits in specific haematopoietic malignancies.47

Let-7 administration was found to reduce tumour formation
in vivo in the lungs of animals expressing a G12D activating
mutation for the K-ras oncogenes.48 In another recent study,

miRNA-mediated knockdown of survivin in combination with
apoptin over-expression significantly induced apoptosis and
inhibited cell growth. This combined strategy offers potential
advantages in control of tumourigenesis.49 In hepatocellular
carcinoma, specific and powerful gene silencing that can be
achieved by activating RNAi has generated enthusiasm for
exploiting this pathway for therapy. Many studies have been
carried out with the aim of silencing hepatocellular carcinoma-
related cellular oncogenes or the hepatocarcinogenic hepatitis B
virus (HBV) and hepatitis C virus (HCV). Proof of principle
studies has demonstrated promising results, and an early clinical
trial assessing RNAi-based HBV therapy is currently in
progress.50 In brain tumours new therapeutic strategies invol-
ving miRNA silencing or miRNA mimics could be proposed
based on the roles of these small non-coding RNAs as oncogenes
and tumour suppressors.43

There are, however, some important issues which need to be
resolved prior to the consideration of any miRNA-based
experimental cancer gene therapy, such as the possibility for
non-specific immune activation and the lack of a defined,
optimal mode of delivery systems. Prior to any applications of
miRNAs in clinical trials there is an urgent need for definitive
mRNA target validation and a complete understanding of

Table 2 Examples of the diagnostic applications of miRNAs in different malignancies

Cancer type Study material Clinical utility Reference

Breast Normal vs. cancer tissues c 29 miRNAs significantly deregulated in cancer vs normal 59

c 15 miRNAs can distinguish normal from tumour with 100% accuracy

c miRNA expression correlated with specific biopathological features, such as oestrogen and
progesterone receptor expression

Pancreas Normal, chronic pancreatitis and
ductal carcinoma tissues

c 25 miRNAs correctly differentiated pancreatic cancer from benign pancreas in 90% of samples 60

c 23 miRNAs differentiated pancreatic cancer from chronic pancreatitis with 93% accuracy

Kidney Normal vs. cancer tissues c 33 miRNAs dysregulated in cancer Our unpublished data

Pooled cancers Different cancer types c miRNA expression profiles classify poorly differentiated tumours 16

c miRNA profiles reflect the developmental lineage of the tumours

Prostate Serum of normal vs. cancer c miRNAs are stable in serum 34

c miR-141 can distinguish prostate cancer from healthy controls

Thyroid Different cancer subtypes c miR-146b is a potential adjunct marker of papillary thyroid carcinoma 61

Thyroid Different cancer subtypes c miRNA expression profile differentiates ATC from normal thyroid tissues and from PTC 62

Prostate Normal, benign and pre-malignant
tissues

c miRNAs separated metastatic prostate cancers from normal and non-malignant precursors 35

Breast Different cancer subtypes c miRNAs distinguished tumours according to oestrogen receptor and HER2/neu subtypes 35

ATC, anaplastic thyroid carcinoma; PTC, papillary thyroid carcinoma.

Table 3 Potential clinical applications of microRNAs (miRNAs) in cancer patient management

Cancer type Application Summary of results Reference

Pancreas Prognosis c In node-positive disease, six miRNAs can distinguish long from short term survivors 60

c High expression of miR-196a-2 predicts poor survival

CLL Prognosis c miRNAs are associated with zap-70 expression 63

c Predictors of early progression

Lung Prognosis c Differential miRNA expression correlates with poor survival 64

Lung Prognosis c Overexpression of miR-21 is an independent negative prognostic factor in NSCLC 65

Cholangiocarcinoma Therapy c Alterations in miRNA expression contribute to tumour growth and response to
chemotherapy

66

Hepatocellular carcinoma Prognosis c A set of 19 miRNAs significantly correlated with disease outcome 67

Uterine leiomyoma Race susceptibility c A specific miRNA signature associated with race 68

Breast Prediction of treatment efficiency c miRNAs as predictive tamoxifen-resistant breast cancer markers 69

Rectum Prediction of treatment efficiency c miRNAs are associated with response to therapy 70

Lung Cancer susceptibility c A variant allele in a KRAS miRNA complementary site is significantly associated with
increased risk for NSCLC

71

CLL Cancer susceptibility c Mutations in miR-15A and miR-16-1 in CLL patients 72

c Mutations found in 73% of patients with family history of cancer

Breast Metastasis susceptibility c Tumour metastasis initiated by miRNA-10b 37

CLL, chronic lymphocytic leukaemia; NSCLC, non-small cell lung cancer.
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rate-limiting cellular components that impact the efficiency
of this post-transcriptional gene-silencing phenomenon.25 A
major focus in this area has been on target gene-specific
siRNA-delivery technology in vivo. In particular, creating a
pinpoint delivery system for siRNAs is a priority because such
a system would be a key technology for the development of
the next generation of drugs, including anticancer therapies.51

Recent reports on locked nucleic acid (LNA) mediated miRNA
silencing in rodents and primates support the potential of
LNA-modified oligonucleotides in studying miRNA functions
in vivo and in the future development of miRNA-based
therapeutics.52 Epigenetic intervention strategies that could be
used to amend defects in miRNA/mRNA interactions have
also been recently reviewed.53

FROM BENCH TO BEDSIDE: IMPORTANT CHALLENGES
The transition of miRNA applications from the research setting
to the clinical stage necessitates addressing several challenges
that have been discussed in recent reviews.54 55 These include the
need to identify all miRNAs and their targets, technical issues
and the need for standardisation, and defining the specific
clinical questions that need to be addressed.

Identification of all human miRNAs is a key issue for a better
understanding of the role of miRNAs and their potential
applications in cancer. So far, about 700 miRNAs have been
identified in the human genome, and an estimated similar
number is expected to be discovered.56 The next step, which is
more challenging, is the identification and the experimental
validation of miRNA targets. Reports have shown that each
miRNA can target multiple genes, and that the same mRNA can
be targeted by multiple miRNAs. A number of target prediction
programs are currently available including PicTar, miRanda and
TargetScan.57 The inherent difficulty of target prediction stems
from the imperfect complementarities between the miRNA and
its target, leading to minimal consistency between different
prediction programs, and making experimental validation
extremely important.

Another important challenge that needs to be addressed is
standardisation of miRNA analysis. Several techniques and
platforms already exist including microarray analysis, bead
analysis, and quantitative RT-PCR. Standardisation also
includes the type of miRNA to be analysed (mature versus
pre-miRNAs) and the number of miRNAs to be included in a
clinical test (screening all known miRNAs versus a selected
pattern of highly informative miRNAs). Uniformity of the
experimental condition is also required. Standardisation also
includes the type of specimen to be analysed (fresh frozen tissue
versus formalin fixed paraffin-embedded tissue) and the
appropriate method of specimen storage in addition to uniform
interpretation of test results. Heterogeneity of the tumour is
another important factor to be considered. Tumour tissue
represents a mixture of tumour, adjacent normal and stromal
elements. Other technical issues include test sensitivity (espe-
cially with low abundant miRNAs) and specificity (especially
with members of the same family).

A critical question that needs to be answered is the ability of
miRNAs to provide additional information for patient diagnosis
and management that goes beyond the classical factors that are
currently available. A major limitation of most published
reports so far is the heterogeneity of the analysed material,
from tissues to cell lines and combining different histological
types, stages and grades. Unfortunately, there is a lack of
prospective studies that can accurately define the significance of
miRNA testing. An advantage documented by recent reports is

the ability to perform miRNA testing on paraffin-embedded
tissues.58 This will significantly accelerate the validation of the
clinical utility of miRNA in malignancy.

Moreover, many of the experiments at the discovery phase
lack statistical significance since they are not initially designed
with enough power to address the hypothesis to be examined.
Added to this, is the lack of well defined clinically annotated
cases. The results of such experiments should therefore be
validated, preferably by an independent study.

A FUTURE PROSPECT
Although we are in the early phases of miRNA research, it is
anticipated that miRNAs will have a significant impact in
improving the patient’s diagnosis and management. With more
transparent accumulation of reports about the clinical signifi-
cance of miRNAs, it is likely that they will have a diagnostic role
in many cancers. In addition, miRNA analysis of the tissue
material from cancer patients is likely to provide additional
significant contribution that aids to the individualisation of
treatment through developing a ‘‘tumour fingerprint’’ with
specific information about aggressiveness, and treatment
options for each individual patient. Two major milestones in
this field are the recently reported stability of miRNAs in
serum34 and the ability to perform molecular miRNA profiling
from a needle core biopsy.35 If these are confirmed by multiple
reports, a new strategy of utilising miRNA profiling as an
adjutant diagnostic or prognostic tool without compromising
the clinical diagnosis is opened up.

Finally, it is unlikely that miRNA analysis will replace the
existing tools for tumour diagnosis and management. A more
practical view is that they will be slowly added in conjunction
with our existing tools.

Funding: GMY is supported by a grant from the Canadian Institute of Health Research
(CIHR grant # 86490), and the Canadian Cancer Society (grant # 20185).

Competing interests: None.

Ethics approval: Ethics approval was obtained.

Provenance and peer review: Not commissioned; externally peer reviewed.

REFERENCES
1. He L, Hannon GJ. MicroRNAs: small RNAs with a big role in gene regulation. Nat Rev

Genet 2004;5:522–31.
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. Wienholds E, Plasterk RH. MicroRNA function in animal development. FEBS Lett

2005;579:5911–22.
4. Garzon R, Fabbri M, Cimmino A, et al. MicroRNA expression and function in cancer.

Trends Mol Med 2006;12:580–7.
5. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell

2004;116:281–97.
6. Ambros V, Bartel B, Bartel DP, et al. A uniform system for microRNA annotation.

RNA 2003;9:277–9.
7. Yang M, Mattes J. Discovery, biology and therapeutic potential of RNA interference,

microRNA and antagomirs. Pharmacol Ther 2008;117:94–104.

Take-home messages

c MicroRNAs (miRNAs) represent an emerging new tool for
cancer patient management, with a wide range of potential
clinical applications, including diagnosis, assessment of
prognosis and prediction of treatment efficiency.

c They also have potential therapeutic applications.
c More effort is still needed to allow the transition of miRNAs

from being a research tool to clinical use.

Review

J Clin Pathol 2009;62:771–776. doi:10.1136/jcp.2009.064717 775

 group.bmj.com on September 15, 2010 - Published by jcp.bmj.comDownloaded from 

http://jcp.bmj.com/
http://group.bmj.com/


8. Calin GA, Croce CM. MicroRNA signatures in human cancers. Nat Rev Cancer
2006;6:857–66.

9. Esquela-Kerscher A, Slack FJ. Oncomirs—microRNAs with a role in cancer. Nat
Rev Cancer 2006;6:259–69.

10. Ambros V. The functions of animal microRNAs. Nature 2004;431:350–5.
11. Du T, Zamore PD. Beginning to understand microRNA function. Cell Res 2007;17:661–3.
12. Hwang HW, Mendell JT. MicroRNAs in cell proliferation, cell death, and

tumorigenesis. Br J Cancer 2006;94:776–80.
13. Rane S, Sayed D, Abdellatif M. MicroRNA with a MacroFunction. Cell Cycle

2007;6:1850–5.
14. Zhang C. MicroRNomics: a newly emerging approach for disease biology. Physiol

Genomics 2008;33:139–47.
15. Wijnhoven BP, Michael MZ, Watson DI. MicroRNAs and cancer. Br J Surg

2007;94:23–30.
16. Lu J, Getz G, Miska EA, et al. MicroRNA expression profiles classify human cancers.

Nature 2005;435:834–8.
17. Volinia S, Calin GA, Liu CG, et al. A microRNA expression signature of human solid

tumors defines cancer gene targets. Proc Natl Acad Sci USA 2006;103:2257–61.
18. Calin GA, Croce CM. MicroRNAs and chromosomal abnormalities in cancer cells.

Oncogene 2006;25:6202–10.
19. 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 USA 2002;99:15524–9.

20. Conrad R, Barrier M, Ford LP. Role of miRNA and miRNA processing factors in
development and disease. Birth Defects Res C Embryo Today 2006;78:107–17.

21. Deng S, Calin GA, Croce CM, et al. Mechanisms of microRNA deregulation in human
cancer. Cell Cycle 2008;7:2643–6.

22. Schmittgen TD. Regulation of microRNA processing in development, differentiation
and cancer. J Cell Mol Med 2008;12:1811–9.

23. Thomson JM, Newman M, Parker JS, et al. Extensive post-transcriptional regulation
of microRNAs and its implications for cancer. Genes Dev 2006;20:2202–7.

24. Lujambio A, Esteller M. CpG island hypermethylation of tumor suppressor
microRNAs in human cancer. Cell Cycle 2007;6:1455–9.

25. Tong AW, Nemunaitis J. Modulation of miRNA activity in human cancer: a new
paradigm for cancer gene therapy? Cancer Gene Ther 2008;15:341–55.

26. Zhang W, Dahlberg JE, Tam W. MicroRNAs in tumorigenesis: a primer. Am J Pathol
2007;171:728–38.

27. Chang TC, Wentzel EA, Kent OA, et al. Transactivation of miR-34a by p53 broadly
influences gene expression and promotes apoptosis. Mol Cell 2007;26:745–52.

28. Ross JS, Carlson JA, Brock G. miRNA: the new gene silencer. Am J Clin Pathol
2007;128:830–6.

29. Dalmay T, Edwards DR. MicroRNAs and the hallmarks of cancer. Oncogene
2006;25:6170–5.

30. Barbarotto E, Schmittgen TD, Calin GA. MicroRNAs and cancer: profile, profile,
profile. Int J Cancer 2008;122:969–77.

31. Blenkiron C, Miska EA. miRNAs in cancer: approaches, aetiology, diagnostics and
therapy. Hum Mol Genet 2007;16(Spec No 1):R106–13.

32. Chen X, Ba Y, Ma L, et al. Characterization of microRNAs in serum: a novel class of
biomarkers for diagnosis of cancer and other diseases. Cell Res 2008;18:997–1006.

33. Gilad S, Meiri E, Yogev Y, et al. Serum microRNAs are promising novel biomarkers.
PLoS ONE 2008;3:e3148.

34. Mitchell PS, Parkin RK, Kroh EM, et al. Circulating microRNAs as stable blood-based
markers for cancer detection. Proc Natl Acad Sci USA 2008;105:10513–8.

35. 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.

36. Gee HE, Camps C, Buffa FM, et al. MicroRNA-10b and breast cancer metastasis.
Nature 2008;455:E8–9.

37. Ma L, Teruya-Feldstein J, Weinberg RA. Tumour invasion and metastasis initiated by
microRNA-10b in breast cancer. Nature 2007;449:682–8.

38. Nicoloso MS, Calin GA. MicroRNA involvement in brain tumors: from bench to
bedside. Brain Pathol 2008;18:122–9.

39. Esau CC, Monia BP. Therapeutic potential for microRNAs. Adv Drug Deliv Rev
2007;59:101–14.

40. Davis S, Lollo B, Freier S, et al. Improved targeting of miRNA with antisense
oligonucleotides. Nucleic Acids Res 2006;34:2294–304.

41. Corsten MF, Miranda R, Kasmieh R, et al. MicroRNA-21 knockdown disrupts glioma
growth in vivo and displays synergistic cytotoxicity with neural precursor cell
delivered S-TRAIL in human gliomas. Cancer Res 2007;67:8994–9000.

42. Rossi S, Sevignani C, Nnadi SC, et al. Cancer-associated genomic regions (CAGRs)
and noncoding RNAs: bioinformatics and therapeutic implications. Mamm Genome
2008;19:526–40.

43. Tsuda N, Kawano K, Efferson CL, et al. Synthetic microRNA and double-stranded
RNA targeting the 39-untranslated region of HER-2/neu mRNA inhibit HER-2 protein
expression in ovarian cancer cells. Int J Oncol 2005;27:1299–306.

44. Scott GK, Goga A, Bhaumik D, et al. Coordinate suppression of ERBB2 and ERBB3 by
enforced expression of micro-RNA miR-125a or miR-125b. J Biol Chem
2007;282:1479–86.

45. Barbarotto E, Calin GA. Potential therapeutic applications of miRNA-based
technology in hematological malignancies. Curr Pharm Des 2008;14:2040–50.

46. McLaughlin J, Cheng D, Singer O, et al. Sustained suppression of
Bcr-Abl-driven lymphoid leukemia by microRNA mimics. Proc Natl Acad Sci USA
2007;104:20501–6.

47. Bueno MJ, Perez dC I, Gomez de CM, et al. Genetic and epigenetic silencing of
microRNA-203 enhances ABL1 and BCR-ABL1 oncogene expression. Cancer Cell
2008;13:496–506.

48. Esquela-Kerscher A, Trang P, Wiggins JF, et al. The let-7 microRNA reduces tumor
growth in mouse models of lung cancer. Cell Cycle 2008;7:759–64.

49. Liu Q, Fu H, Xing R, et al. Survivin knockdown combined with apoptin overexpression
inhibits cell growth significantly. Cancer Biol Ther 2008;7:1053–60.

50. Arbuthnot P, Thompson LJ. Harnessing the RNA interference pathway to advance
treatment and prevention of hepatocellular carcinoma. World J Gastroenterol
2008;14:1670–81.

51. Hokaiwado N, Takeshita F, Banas A, et al. RNAi-based drug discovery and its
application to therapeutics. IDrugs 2008;11:274–8.

52. Stenvang J, Lindow M, Kauppinen S. Targeting of microRNAs for therapeutics.
Biochem Soc Trans 2008;36(Pt 6):1197–200.

53. Wurdinger T, Costa FF. Molecular therapy in the microRNA era.
Pharmacogenomics J 2007;7:297–304.

54. Ioannidis JP. Is molecular profiling ready for use in clinical decision making?
Oncologist 2007;12:301–11.

55. Nelson PT, Wang WX, Wilfred BR, et al. Technical variables in high-throughput
miRNA expression profiling: much work remains to be done. Biochim Biophys Acta
2008;1779:758–65.

56. Griffiths-Jones S, Saini HK, van DS, et al. miRBase: tools for microRNA genomics.
Nucleic Acids Res 2008;36:D154–8.

57. Friedman RC, Farh KK, Burge CB, et al. Most mammalian mRNAs are conserved
targets of microRNAs. Genome Res 2009;19:92–105.

58. Nelson PT, Baldwin DA, Scearce LM, et al. Microarray-based, high-throughput gene
expression profiling of microRNAs. Nat Methods 2004;1:155–61.

59. Iorio MV, Ferracin M, Liu CG, et al. MicroRNA gene expression deregulation in
human breast cancer. Cancer Res 2005;65:7065–70.

60. Bloomston M, Frankel WL, Petrocca F, et al. MicroRNA expression patterns to
differentiate pancreatic adenocarcinoma from normal pancreas and chronic
pancreatitis. JAMA 2007;297:1901–8.

61. Chen YT, Kitabayashi N, Zhou XK, et al. MicroRNA analysis as a potential diagnostic
tool for papillary thyroid carcinoma. Mod Pathol 2008;21:1139–46.

62. Visone R, Pallante P, Vecchione A, et al. Specific microRNAs are downregulated in
human thyroid anaplastic carcinomas. Oncogene 2007;26:7590–5.

63. Calin GA, Liu CG, Sevignani C, et al. MicroRNA profiling reveals distinct signatures in
B cell chronic lymphocytic leukemias. Proc Natl Acad Sci USA 2004;101:11755–60.

64. Yanaihara N, Caplen N, Bowman E, et al. Unique microRNA molecular profiles in
lung cancer diagnosis and prognosis. Cancer Cell 2006;9:189–98.

65. Markou A, Tsaroucha EG, Kaklamanis L, et al. Prognostic value of mature microRNA-
21 and microRNA-205 overexpression in non-small cell lung cancer by quantitative
real-time RT-PCR. Clin Chem 2008;54:1696–704.

66. Meng F, Henson R, Lang M, et al. Involvement of human micro-RNA in growth and
response to chemotherapy in human cholangiocarcinoma cell lines. Gastroenterology
2006;130:2113–29.

67. Jiang J, Gusev Y, Aderca I, et al. Association of MicroRNA expression in
hepatocellular carcinomas with hepatitis infection, cirrhosis, and patient survival. Clin
Cancer Res 2008;14:419–27.

68. Wang T, Zhang X, Obijuru L, et al. A micro-RNA signature associated with race,
tumor size, and target gene activity in human uterine leiomyomas. Genes
Chromosomes Cancer 2007;46:336–47.

69. Miller TE, Ghoshal K, Ramaswamy B, et al. MicroRNA-221/222 confers tamoxifen
resistance in breast cancer by targeting p27Kip1. J Biol Chem 2008;283:29897–903.

70. Svoboda M, Izakovicova HL, Sefr R, et al. Micro-RNAs miR125b and miR137 are
frequently upregulated in response to capecitabine chemoradiotherapy of rectal
cancer. Int J Oncol 2008;33:541–7.

71. Chin LJ, Ratner E, Leng S, et al. A SNP in a let-7 microRNA complementary site in
the KRAS 39 untranslated region increases non-small cell lung cancer risk. Cancer Res
2008;68:8535–40.

72. Calin GA, Ferracin M, Cimmino A, et al. A MicroRNA signature associated with
prognosis and progression in chronic lymphocytic leukemia. N Engl J Med
2005;353:1793–801.

Review

776 J Clin Pathol 2009;62:771–776. doi:10.1136/jcp.2009.064717

 group.bmj.com on September 15, 2010 - Published by jcp.bmj.comDownloaded from 

http://jcp.bmj.com/
http://group.bmj.com/

