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Background:  MicroRNAs (miRNA) are small non–coding RNAs that negatively regulate gene expression in a se-
quence–specific manner. Post–transcriptional silencing of target genes by miRNA occurs either by specific  cleavage of 
homologous mRNA or by specific inhibition of protein synthesis. MiRNAs are essential regulators of various  processes 
such as proliferation, differentiation, development, cell death and interaction between virus and host cell.

Aim: The aim of this paper is to summarize the main findings from research on miRNA biogenesis, functionality 
and cancer relevance.

Method: A narrative literature review of all of the relevant papers known to the authors was conducted. 
Results: Several human diseases including cancer are associated with aberrant regulation of miRNAs expression 

or deficiency in miRNA biogenesis. Analysis of miRNA expression signatures can serve as a valuable tool for cancer 
classification, diagnostics and prediction of tumor behavior.

Conclusions: There has been demonstrated a possibility to use these microRNA signatures for a specific cancer 
classification with potential predictive and therapeutic value. The known data provide evidence that microRNAs may 
open new ways for cancer diagnosis, prognosis estimation and therapy.

INTRODUCTION

Recent discovery of several types of non-protein-cod-
ing RNAs, such as small nucleolar RNAs, small interfer-
ing RNAs, microRNAs and antisense RNAs indicate that 
the transcriptomes of higher eukaryotes are much more 
complex than originally anticipated. These RNAs serve 
as modulators of gene expression in a sequence specific 
manner. RNA mediated gene silencing pathways have 
essential roles in development, cell differentiation, cell 
proliferation, cell death, chromosome structure, virus re-
sistance and oncogenesis.

MicroRNAs (miRNA) are small RNA molecules en-
coded in genomes of plants, animals, fungi and viruses. 
These highly conserved RNAs regulate gene expression 
by specific inhibition of translation, induction of mRNA 
cleavage and DNA methylation. About 1–5 % of predict-
ed genes in animals encode miRNAs and 10–30 % of 
protein-coding genes are predicted targets regulated by 
miRNAs.

THE DISCOVERY OF MICRORNA

The first known microRNA (miRNA), the lin-4, was 
discovered in 1993 by Victor Ambros and his colleagues 
through the study of heterochronic gene lin-14 in worms. 
Lin-4 RNA controls the timing of Caenorhabditis elegans 
larval development1. It encodes a small RNA that is 
complementary to sequences in the 3‘ untranslated re-

gion (UTR) of lin-14 mRNA and acts as developmental 
repressor of the accumulation of LIN-14 protein. This 
repression is essential for proper timing of numerous 
events of C. elegans larval development2. The molecular 
mechanism for lin-14 is temporal gradient formation: the 
lin-4 RNAs base pair to sites in the lin-14 3‘ untranslat-
ed region (UTR) to form multiple RNA duplexes that 
down-regulate lin-14 translation3. Translational repression 
of these mRNAs then triggers the transition to the next 
developmental stage3, 1.

A second known miRNA, let-7 RNA, is expressed later 
in development and is complementary to the 3’ untrans-
lated regions of the heterochronic genes lin-14, lin-28, lin-
41, lin-42, and daf-12, indicating that the expression of 
these genes may be directly controlled by let-7. The lin-4 
and let-7 are nonhomologous and act in a similar manner 
to trigger the transition to late-larval and adult stages4. 
Recent studies suggest that let-7 is a tumor suppressor5.

A study from Ruvkun’s group provided the first evi-
dence that gene regulation mediated by small RNAs of 
22-nucleotides may exist in species beyond worms. They 
found that let-7 RNA expression can be detected in a wide 
range of animal species, including vertebrate, ascidian, 
hemichordate, mollusc, annelid and arthropod, further 
implying that small RNA-mediated translational regula-
tion may be a widespread gene regulatory model present 
in many animal species6.

Each miRNA is thought to regulate multiple genes, 
hundreds of miRNA genes are predicted7 and several hun-
dreds have been cloned and sequenced from C. elegans, 
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Drosophila, Arabidopsis, mice and human (see http://mi-
crorna.sanger.ac.uk)8. The large number of miRNAs and 
homologous sequences of many miRNAs among organ-
isms suggests that these RNAs might constitute an abun-
dant component of the gene regulatory machinery with 
an ancient origin9.

BIOGENESIS OF MIRNAS

Although they may differ in detail in animals, plants 
and fungi, the basic process involves a transcription of 
dsRNA that is processed into shorter units that mediate 
target recognition in a sequence specific manner10. Both 
biogenesis and action of miRNAs rely on components of 
the RNA interference (RNAi) machinery, but miRNAs 
differ from small interfering RNAs (siRNAs) in several 
aspects. MiRNAs are generally conserved in evolution, 
they direct  the silencing of genes that are unrelated to the 
loci encoding the miRNAs themselves and each miRNA 
comes from a gene that is dedicated to production of a 
particular 22 nucleotide RNA11.

Analysis of 186 miRNA genes provides information 
about the nonrandom distribution of miRNA genes in 
the human genome. Ninety miRNA genes are located in 
36 clusters, usually with two or three genes per cluster 
(median 2.5)12. The largest cluster is composed of seven 
miRNA genes13. Recent findings of intron-derived miRNA 
in C. elegans, mouse and human have inevitably led to an 
alternative pathway for miRNA biogenesis, which relies 
on the coupled interaction of Pol-II-mediated pre-mRNA 
transcription and intron excision. Some of the spliced 
introns become aberrant RNAs and are further cleaved 
by certain RNase or complementing–repair complexes 
to form miRNA-like molecules. After splicing, approxi-
mately 10–30 % of the introns are found in the cytoplasm 
with a moderate half-life, which is long enough to exe-
cute extra functions14. Analyses have shown that human 
primary miRNA transcripts (pri-miRNAs) contain cap 
structures as well as poly(A) tails,15 which are the unique 

properties of class II gene transcripts. These data indicate 
that pol II is the main RNA polymerase for miRNA gene 
transcription16. Animal miRNAs are initially transcribed 
as part of one arm of an about 70 nucleotide RNA stem-
loop that in turn forms part of a several hundred nucle-
otides long miRNA precursor termed a primary miRNA 
(pri-miRNA)17 (see Fig. 1).

After transcription, next step in miRNA biogenesis 
is the excision of the upper part of this RNA hairpin by 
the nuclear enzymatic complex Microprocessor including 
Drosha (RNase III enzyme) and DGCR8 (dsRNA bind-
ing protein) to produce an 65-nt intermediate, termed a 
pre-miRNA18. Pre-miRNAs, which form short RNA hair-
pins bearing a 2-nt 3’overhang, are then bound by the nu-
clear export factor Exportin 5, which transports them to 
the cytoplasm19. Here, a second RNase III enzyme termed 
Dicer removes the terminal loop of the pre-miRNA to 
generate an 20-bp RNA duplex with 2-nt 3’overhangs20. 
The mature miRNA, which forms one strand of this du-
plex, is then incorporated into a large protein complex, 
termed the RNA induced silencing complex (RISC), 
where it functions to guide RISC to target mRNA21; 22 . 
RISC than can inhibit the translation of mRNA bearing 
partially complementary target sequences23.

POST-TRANSCRIPTIONAL REPRESSION 
BY MIRNAS

MiRNAs regulate gene expression at post-trans-
criptional level by specific inhibition of translation or 
induction of mRNA cleavage. MiRNA duplexes are in-
corporated into the protein complex RISC24 and, after 
unwinding, they remodel the complex to generate an ac-
tive RNA induced silencing complex (RISC*)25. Multiple 
miRNAs might need binding to a particular untranslated 
region to achieve repression, which could be accomplished 
by the combinatorial action of different miRNA species11. 
This suggests that expression of miRNA target genes can 
be fine-tuned in animals (and potentially in plants) by 
altering concentrations or identities within cells23, 26. An 
important difference is that the plant miRNAs are more 
perfectly paired to their target RNA and use RNA cleav-
age rather than translation suppression as the primary 
silencing mechanism27. Whereas perfect complementarity 
with targets was found in plants, in animals the identi-
fication of putative targets is much more complicated, 
because bulges and loops are not only tolerated, but seem 
to be the rule. Despite the overall imperfect complemen-
tarity, a large subset of Drosophila miRNAs were shown 
to be precisely complementary to the K box, Brd box and 
GY box motifs in the 3’ untranslated region (UTR), motifs 
found to significantly affect both transcript stability and 
translational efficiency28. The animal miRNAs are normal-
ly targeted to the 3’UTR of mRNA29, whereas the plant 
miRNAs have targets in the coding sequence or even in 
the 5’UTR30. M7G-cap-independent translation is not sub-
ject to repression, suggesting that miRNPs interfere with 
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Fig. 1. Biogenesis of microRNA and two possible mecha-
nisms of function.
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recognition of the cap. Repressed mRNAs, Ago proteins 
(RNA-binding proteins, member of RISC) and miRNAs 
were all found to accumulate in processing bodies (P-bod-
ies) for storage. MiRNAs and proteins associated with 
them also localize to P-bodies, underscoring an important 
role for these structures in switching on and off eukaryotic 
gene expression31. In mammalian tissue cultures, a short 
interfering RNA (siRNA) can repress expression of a tar-
get mRNA with partially complementary binding sites in 
its 3’ UTR, in a very similar manner as endogenously en-
coded microRNAs (miRNAs). The discovery that siRNAs 
can function in translational repression as miRNAs and 
that the sequence requirements for this interaction are 
less stringent than those for RNAi, may help to explain 
nonspecific effects sometimes observed in experiments 
using siRNAs for targeted gene silencing32. MiRNAs and 
siRNAs are capable of triggering either translation repres-
sion or mRNA degradation depending on the degree of 
complementarity and homology with their target genes. 
The choice of mechanism may be largely or entirely de-
termined by the degree of complementary of the RNA 
target23 (see Fig. 1).

MIRNAS REGULATE DIFFERENTIATION, 
DEVELOPMENT AND CELL DEATH

Knight and Bass described a null mutation in dicer-1 
(dcr-1) and found that dcr-1(-/-) C. elegans have defects in 
RNAi under some, but not all, conditions. Mutant animals 
have germ line defects that lead to sterility33. Inactivation 
of genes related to RNAi pathway causes heterochronic 
phenotypes similar to lin-4 and let-7 mutations34. These 
findings suggest that miRNas have an essential role in C. 
elegans embryogenesis and larval development. 

To block all miRNA formation in zebrafish, there were 
generated maternal-zygotic dicer (MZdicer) mutants that 

disrupt the Dicer ribonuclease III and double-stranded 
RNA-binding domains. Mutant embryos do not process 
precursor miRNAs into mature miRNAs. MZdicer mu-
tants undergo axis formation and differentiate multiple 
cell types but display abnormal morphogenesis during 
gastrulation, brain formation, somatogenesis and heart 
development35. Zebrafish miR-430 is expressed at the on-
set of zygotic transcription and regulates morphogenesis 
during early development. Most targets are maternally 
expressed mRNAs that accumulate in the absence of 
miR-430. Injection of miR-430 miRNAs rescues the brain 
defects in MZdicer mutants, revealing essential roles for 
miRNAs during morphogenesis36.

 The Drosophila microRNA miR-14 suppresses cell 
death and is required for normal fat metabolism. Loss 
of miR-14 enhances Reaper-dependent cell death, where-
as ectopic expression suppresses cell death induced by 
multiple stimuli. MiR-14 also regulates fat metabolism. 
Deletion of miR-14 results in animals with increased levels 
of triacylglycerol and diacylglycerol, whereas increases in 
miR-14 copy number have the converse effect37. 

Results from microarrays experiments revealed tis-
sue-specific miRNA expression signatures. Different tis-
sues have distinctive patterns of miRNome expression 
(defined as the full complement of miRNAs in a cell) 
(see Tab. 1)38, 39, 40, 41,.

RNA-DIRECTED DNA METHYLATION, 
HISTON MODIFICATIONS AND CHROMATIN 
REMODELING

The first evidence that RNA can trigger cytosine 
 methylation of identical genomic DNA sequences came 
from experiments using RNA viroids, short circular in-
fectious RNA species with a high degree of secondary 
structure, present in tobacco. It was shown, that de novo 

 Table 1. Tissue-specific miRNA expression signatures.

Expression pattern MicroRNA

Enriched in brain
miR-12a, miR-125b, miR-128, miR-132, miR-139, miR-7, miR-9, miR-124a, 
miR-124b, miR-135, miR-153, miR-149, miR-183, miR-190, miR-219

Enriched in lung
miR-18, miR-19a, miR-24, miR-32, miR-130, miR-213, miR-20, miR-141, miR-193, 
miR-200b

Enriched in spleen miR-99a, miR-127, miR-142a, miR-142s, miR-151, miR-189, miR-212

Enriched in liver miR-122a, miR-152, miR-194, miR-199, miR-215

Enriched in heart miR-1b, miR-1d, miR-133, miR-206, miR-208, miR-143

Enriched in kidney
miR-30b, miR-30c, miR-18, miR-20, miR-24, miR-32, miR-141, miR-193, 
miR-200b 

Enriched in haematopoetic tissues miR-181, miR-223, miR-142

Ubiquitously expressed miR-16, miR-26a, miR-27a, miR-143a, miR-21, let-7a, miR-7b, miR-30b, miR-30c
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methylation of genes can be induced and targeted in a 
sequence-specific manner by RNA42. In plants and yeast 
there is also evidence that miRNAs are involved in re-
pression of transcription by chromatin methylation43. For 
instance in Arabidopsis, both DNA methylation and his-
tone H3 Lys9 methylation require the RNAi machinery44. 
Recent findings that RNAi-mediated silencing pathways 
play a role in heterochromatin assembly45 have reshaped 
the way we think about heterochromatin formation and 
epigenetic maintainance (see Fig. 2). Evidence suggests 
that RNA, in particular double stranded RNA produced 
from transgenes or repeats, is able to induce heterochro-
matin assembly at homologous sequences in trans. RNA 
provides specificity for precise targeting of silent chroma-
tin complexes to particular genomic loci43.

MIRNA AND VIRUSES

Recently, many viral-encoded miRNAs have been 
discovered, for the most part in viruses transcribed 
from double-stranded DNA genomes. As with their cel-
lular counterparts, the functions of most viral-derived 
miRNAs are unknown; however, functions have been 
documented or proposed for viral miRNAs from three dif-
ferent viral families – herpesviruses, polyomaviruses and 
retroviruses46. Approximately 40 miRNAs and 10 RNAi 
suppressors encoded by diverse mammalian viruses have 
been identified47. Viral evolution has taken advantage of 
the miRNA pathway to generate effectors that enhance 
the probability of successful infection48.

Epstein-Barr virus (EBV) is a large DNA virus of the 
Herpesviridae family that preferentially infects human B 
cells and this virus expresses several microRNA genes. 
The small RNA profile of cells infected by EBV was re-
corded and there was discovered that EBV miRNAs origi-
nated from five different double-stranded RNA (dsRNA) 
precursors clustered in two regions of the EBV genome. 
Epstein-Barr virus use RNA silencing as a method for gene 
regulation of host and viral genes in a non-immunogenic 
manner49.

Dunn et al. (2005) reported that human cytomega-
lovirus (HCMV) expresses miRNAs during its produc-
tive lytic infection of four clinically relevant human cell 
types. The sequences of the miRNAs, expressed from the 

UL23 and US24 loci of the viral genome, were conserved 
among all HCMV strains examined and in chimpanzee 
cytomegalovirus50. HCMV encodes multiple conserved 

miRNAs and suggests that human cytomegalovirus may 
utilize a miRNA strategy to regulate cellular and viral 
gene function51. 

The simian virus 40 (SV40) encodes miRNAs that are 
significant for viral infection. These miRNAs accumulate 
at late times in infection, are perfectly complementary to 
early viral mRNAs and target those mRNAs for cleavage. 
This reduces the expression of viral T antigens48. 

Using computer-directed analyses, Bennasser et al. 
(2004) found that HIV-1 putatively encodes five candi-
date pre-miRNAs and suggested that a large number of 
cellular transcripts could potentially be targeted if these 
5 pre-miRNAs were processed into 10 predicted mature 
miRNAs52.

The small size of miRNA precursors makes them also 
potentially ideal for use by oncogenic viruses as inhibitors 
of host cell defense pathways. Kaposi‘s sarcoma-associ-
ated herpesvirus encodes 11 distinct miRNAs, which are 
expressed in infected cells53. Some of oncogenic viruses 
use miRNA genes as a preferred integration site. Human 
Papilloma Virus 16 (HPV16), associated with cervical 
cancer, integrates into miRNA genes at a rate 3 times 
higher than to the rest of the genome12.

Cellular microRNAs have regulatory functions and 
direct antiviral effects. A cellular microRNA effectively 
restricts the accumulation of the retrovirus primate foamy 
virus type 1 (PFV-1) in human cells. Viral Tas protein 
suppresses microRNA-directed functions in mammalian 
cells and displays cross-kingdom antisilencing activities54. 
Infection of Arabidopsis by Turnip mosaic virus (TuMV) 
induces a number of defects in vegetative and reproductive 
organs. Kasschau and colleagues (2003) found that these 
defects, many of which resemble those in miRNA-deficient 
dicer-like1 (dcl1) mutants, were due to the TuMV encoded 
RNA-silencing suppressor, P1/HC-Pro. Suppression of 
RNA silencing is a counterdefensive mechanism that 
enables systemic infection by TuMV. Interference with 
miRNA-guided functions by plant viruses may explain 
why certain viruses cause developmental abnormalities 
during infection55. Chen et al. (2004) described a viru-
lence factor encoded by turnip yellow mosaic virus, p69, 
which suppresses the antiviral siRNA pathway but pro-
motes the miRNA pathway in Arabidopsis thaliana. p69 
suppression of the siRNA pathway is upstream of dsRNA 
and is as effective as genetic mutations in A. thaliana genes 
involved in dsRNA production. p69-expressing plants ex-
hibited disease-like symptoms in the absence of viral infec-
tion, these findings suggest a novel mechanism for viral 

virulence by promoting the miRNA-guided inhibition of 
host gene expression56.

Experimental expression of a geminivirus-encoded 
AC4 protein from African cassava mosaic virus Cameroon 
Strain (ACMV) in transgenic plants provides direct evi-
dence that AC4 protein is a unique virus-encoded post-
transcriptional gene-silencing suppressor protein. It binds 
to and presumably inactivates mature miRNAs57.

Fig. 2. MicroRNAs regulate gene expression and hetero-
chromatin assembly. 

miRNA 
and 

RNAi machinery

mRNA 
degradation

Inhibition 
of translation

DNA methylation Histon modifications

Heterochromatin assembly

Repression of 
transcription 



209MicroRNA biogenesis, functionality and cancer relevance

Table 2.  MicroRNAs associated with cancer diseases.

Cancer type Aberrantly regulated microRNAs

CLL – chronic lymphocytic leukemia (CLL)

o miR-15a and miR-16-1, down-regulated in more than 
60% of CLL cases

o miR-155/ BIC RNA, increased levels
o miR-17-92 cluster, only some members are abnormally 

expressed
o miR-213, miR-183, miR-190, miR-24-1, miRNAs lo-

cated exactly inside fragile sites 
o miR-96, miR-182, miR-183= 7q32 group, all members 

are aberrantly regulated
o and many others8 (see Calin et al., 2004)

CLL – distinguish CLL samples that express unmutated 
IgVh gene from those that express mutated IgVh gene

miR-186, miR-132, miR-16-1, miR-102(miR-29) 
and miR- 29c 

CLL – 13 miRNAs prognostic group, could discrimi-
nate between CLL samples that express ZAP-70 and 
unmutated IgVh and CLL samples that have no expres-
sion of ZAP and have a mutated IgVh 

miR-15a, miR-195, miR-223, miR-24-1, miR-29b-2,
miR-29a-2, miR-16-1, miR-16-2, miR-155, miR-146,
miR-221, miR-23b and miR-29c

CLL – 9 miRNAs predicting interval from diagnosis to 
therapy, differentiate patients with a short interval from 
diagnosis from patients with a longer interval

miR-155, miR-146, miR-221, miR-23b, miR-29c,
miR-222, miR-24-2, miR-23a and miR-181a

diffuse large B cell lymphoma, marginal zone 
lymphomas, other non-Hodgkin lymphomas 
and Hodgkin lymphomas

miR-155/ BIC RNA, increased levels

aggressive B cell leukemia miR-142 translocation t(8, 17) causes up-regulation of 
a translocated c-MYC gene

breast cancer o miR-10b, miR-125b and miR-145, down-regulated
o miR-21 and miR-155, up-regulated

lung cancer
o let-7, reduced expression
o miR-155, over-expression
o miR-17-92 cluster, over-expression

glioblastoma
o miR-221, miR-21, strongly over-expressed
o miR-128, miR-181a, miR-181b and miR-181c, 

down-regulated

colorectal tumors miR-143 and miR-145, down-regulated

for chromosomal location of microRNAs see: 
http://microrna.sanger.ac.uk

miR-17-92 cluster: miR-17-5p, miR-17-3p, miR-18, 
miR-19a, miR-20, miR-19b1, miR-92–1

The first known viral gene product able to inhibit RNAi 
in human cells was highly structured 160-nucleotide ad-
enoviral VA1 noncoding RNA. Inhibition appeared to be 
due both to inhibition of nuclear export of shRNA or 
pre-miRNA precursors, competition for the Exportin 5 
nuclear export factor and inhibition of Dicer function by 
direct binding of Dicer58.

MIRNAS AND HUMAN DISEASE

Several human diseases have been pinpointed in which 
miRNAs or their processing might be implicated. One of 
them is Spinal muscular atrophy (SMA), a paediatric neu-
rodegenerative disease caused by reduced protein level or 
loss-of-function mutation of the survival of motor neuron 
gene (SMN). Two proteins (Gemin 3 and Gemin 4) that 
are part of the SNM complex are also components of 
miRNPs, whereas it remains to be seen whether miRNA 
biogenesis or/and function is deregulated in SMA and 
what effect has this fact on pathogenesis59. Another neu-
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rological disease in which miRNAs or their processing 
machinery have been included, is fragile X mental retar-
dation (FXMR) caused by absence or mutation of the 
fragile X mental retardation protein. Experimental results 
from Drosophila melanogaster indicate that FXMR may be 
a part of RISC60. Example of disease, in which miRNA 
processing might be also implicated, is the DiGeorge syn-
drome, the most common human genetic deletion syn-
drome. The clinical manifestation of this disease is highly 
variable, from heart defects to schizophrenia. The dele-
tion region includes about 30 genes; one is the DGCR8 
component of the Microprocessor complex61. MiR-224 
gene locus lies within the minimal candidate region of two 
diferent diseases: X-linked mental retardation and early-
onset Parkinson‘s disease59. Over-expression of miR-375 
suppresses glucose-induced insulin secretion and could 
represent a novel pharmacological target62.

MICRORNAS AND CANCER

Among human diseases, it has been shown that 
miRNAs are aberrantly expressed in cancer, suggesting 
that they may play a role as a novel class of oncogenes or 
tumor suppressor genes (see Fig. 3).

The findings that miRNAs have a role in cancer are 
supported by the fact that about 50 % of miRNA genes 
are localised in cancer-associated genomic regions or 
in fragile sites12. The predicted number of miRNAs in 
the human genome is as many as 1000 (i.e. 1–5 % of the 
predicted genes in the genome). Regulation mediated by 
these genes has possibly a large impact on gene expression 
because, according to computional predictions, a single 
miRNA can target dozens of genes. Many authors have 
reported that each cancer tissue has a specific microRNA 
signature and microRNA based cancer classification is a 
very effective and potential tool63.

HEMATOLOGICAL MALIGNANCIES

The first evidence of the involvement of miRNAs in 
cancer came from molecular studies characterizing the 
13q14 deletion in human chronic lymphocytic leukemia 
(CLL). Deletion of the 13q14 region occurs in more than 
half of the cases of  B cell chronic lymphocytic leukemias  
and also in 50 % of mantle cell lymphomas, in 16–40 % 
of multiple myelomas and in 60 % of prostate cancers, 
suggesting that tumor suppressor(s) gene(s) at 13q14 
are involved in the pathogenesis of these tumors 64, 65, 66, 67. 
Calin et al. (2002) have shown that two miRNA genes are 
located at 13q14.3 within a 30-kb region of minimal loss in 
CLL between two exons of the LEU2 gene. Both of these 
genes, miR-15a and miR-16-1, are down-regulated in more 
than 60% of CLL cases (detected using Northern blot 
analyses)68. A very similar cluster (miR-15b, miR-16-2), 
but with a different promoter, was found on chromosome 
3q25–26.169. It seems that these miRNAs are less inten-
sively expressed in normal cells68, but may play a role in 
cases of 13q14 deletions. Cimmino et al. have demonstrat-
ed a possible target for miR-15a and miR-16-1, when they 
uncovered that both miRNAs negatively regulate BCL2 
at a posttranscriptional level and their expression is in-
versely correlated to BCL2 expression in CLL. Moreover, 
in a leukemic cell line model, BCL2 repression by these 
microRNAs induces apoptosis70. Deregulation of antia-
poptotic BCL2 in CLL cells seems to be a key event in 
cancerogenesis.

Recently, it has become possible to analyze the entire 
miRNome by microarrays containing all known human 
miRNAs. The use of miRNA microarrays has made it 
possible to confirm miR-16 deregulation in human CLL 
and also recognize miRNA expression signatures associ-
ated with defined clinicopathologic features. miR-16-1 and 
miR-15a, which were previously reported to be down-regu-
lated in the majority (68 %) of CLL cases by Northern 
analysis, were found to be expressed at low levels in 45 % 
(miR-16-1) and in 25 % (miR-15a) of CLL samples71. These 
findings, that down-regulation of miR-16-1 and miR-15a 
expression correlates with allelic loss at 13q14, may be 
important for clinical classification of CLL. Patients with 
a normal karyotype or deletion of 13q14 as the sole ge-
netic abnormality have a better prognosis than those with 
a complex karyotype or frequent deletion of 11q23 or 
17p1353, 72, 73. Expression profiling of miRNAs in human 
B-CLL has identified significant differences in miRNome 
expression between CLL samples and normal CD5+ B 
lymphocytes. At the top of list of differently expressed 
miRNAs are several miRNAs located exactly inside  fragile 
sites. In some miRNA genomic clusters all members are 
aberrantly regulated. In others only some members were 
abnormally expressed such as the 13q31 genomic cluster71 

(see Tab. 2), which is the largest known miRNA clus-
ter, composed of seven genes (miR-17-92 cluster)13. Two 
miRNA expression clusters in CLL samples that associate 
with the presence (20 % as a cutoff) or absence of Zap-
70 expression71, could be identified. ZAP-70 is a tyrosine 
kinase and low level of its expression is a predictor as-

Fig. 3. Possible “tumor suppressing” and “oncogenic” 
miRNAs.
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sociated with good prognosis74, 75. Moreover, five differen-
tially expressed miRNAs distinguish CLL samples that 
express unmutated IgVh locus from those that express 
mutated IgVh locus – a favorable prognostic factor71 (see 
Tab. 2). A signature composed of 13 microRNAs could 
well discriminate between a group of CLL samples that 
expresses ZAP-70 and unmutated IgVh (patients with 
worse prognosis) and the group that has no expression 
of ZAP and mutated IgVh (patients with better prognosis) 

(see Tab. 2). Furthermore, members of the 13-member 
prognostic signature can well differentiate patients with 
a short interval from diagnosis to initial treatment (treat-
ment begins with the development of the symptomatic or 
progressive disease) from patients with a longer interval76 

(see Tab. 2). To summarize, the miRNA expression profile 
is associated with progression in CLL and can serve as a 
possible prognostic marker.

Following the initial finding about miR-15 and miR-16, 
miRNA expression deregulation has been proven in other 
tumors. The analyses of lymphoma samples and cell lines 
showed that an elevation in the amount of miR-155/ BIC 
RNA occurs in a wide range of lymphomas derived from B 
cells. Increased miR-155 levels (2,000–10,000 copies per 
cell vs. 150 in normal circulating B cells) were observed in 
diffuse large B cell lymphoma (DLBCL), CLL, marginal 
zone lymphomas and in other non-Hodgkin and Hodgkin 
lymphomas77. Thus, miR-155 may play a role in the patho-
genesis of B cell lymphomas in general. In clinical iso-
lates of DLBCL, higher levels of miR-155 were present 
in cells with the activated B cell phenotype (patients with 
worse prognosis) than in cells with the germinal center 
phenotype (patients with better prognosis). The levels of 
miR-155 (and BIC RNA) appear to correspond with clini-
cally significant subtypes of DLBCLs and quantification 
of  miR-155 levels may be a useful prognostic marker77.

Microarray-based expression studies have indicated 
another specific alterations in human miRNA expres-
sion profiles that correlate with B cell lymphomas. It was 
found that levels of the primary or mature microRNAs 
derived from the miR-17–92 locus are often substantially 
increased in these cancers13 (see Tab. 2). The miR-17–92 
cluster is located at 13q31.3, a genomic locus that is ampli-
fied in cases of diffuse large B-cell lymphoma, follicular 
lymphoma, mantle cell lymphoma, primary cutaneous B-
cell lymphoma and other tumour types78, 79. The transcript 
of this cluster appears to be the functional precursor of 
seven important microRNAs. Co-expression of the miR-
17–92 cluster acted with c-myc expression to accelerate tu-
mour development in a mouse B-cell lymphoma model13. 
O‘Donnell et al. (2005) discovered that c-Myc negatively 
regulates the transcription of miR-17-92 cluster and binds 
directly the genomic locus encoding these miRNAs. 
Deregulated expression or function of c-Myc is one of the 
most common abnormalities in human malignancy. They 
also showed that two miRNAs of miR-17-92 cluster (miR-
17-5p and miR-20a) target an important proproliferative 
/proapoptotic transcription factor E2F180. This cluster is 
also overexpressed in lung cancers, especially in the most 
agressive small-cell lung cancer81.

Another miRNA located at a site of rearrangement 
linked to human leukemia is miR-142, whose gene is at 
the breakpoint junction of a t(8;17) translocation, which 
causes an aggressive B cell leukemia due to up-regulation 
of a translocated c-MYC gene69, 82, 83. Chen et al. (2004) 
have studied the role of miRNAs in hematopoietic line-
age differentiation (mouse model) and have found that 
miR-142 expression is higher in B-lymphoid and myeloid 
lineages compared to other hematopoetic tissues. They 
were also able to identify several miRNAs that are specifi-
cally expressed and dynamically regulated during early 
hematopoiesis (miR-181 and miR-223)83.

COLORECTAL NEOPLASIA

At the adenomatous and cancer stages of colorectal 
neoplasia mature miRNAs, miR-143 and miR-145 con-
sistently display reduced levels in cells. Northern blot 
analyses have shown that these miRNAs are down-regu-
lated also in cell lines derived from breast, prostate, cer-
vical and lymphoid cancers as well as colorectal tumors. 
Altered transcription occurs despite the maintenance of 
constant levels of unprocessed hairpin precursors in both 
normal and tumor tissues, suggesting that this reduction 
is due to posttranscriptional processes84.

BREAST CANCER

miRNAs are also aberrantly expressed in human breast 
cancer. Among the differentially expressed miRNAs, 
miR-10b, miR-125b, miR-145, miR-21 and miR-155 emerged 
as the most consistently deregulated in breast cancer. 
Two of them, miR-21 and miR-155, were up-regulated85 
and the remaining three were down-regulated. miR-125b 
gene is located at chromosome 11q23-24, one of the re-
gions most frequently deleted in breast, ovarian, and lung 
tumors86, 87 and it appears to be a putative homologue of 
lin-4 in Caenorhabditis elegans88. It was possible to identify 
miRNAs whose expression was correlated with specific 
breast cancer biological features, such as tumor stage, 
vascular invasion or lymph node metastasis. miR-145 was 
progressively down-regulated from normal breast tissue 
to cancer with high proliferation index. Similarly, but in 
opposite direction, miR-21 was progressively up-regulated 
from normal breast tissue to cancers with high tumor 
stage. miR-9-3 was down-regulated in breast cancers with 
either high vascular invasion or presence of lymph node 
metastasis. The expression of various let-7 miRNAs was 
down-regulated in breast cancer samples with either lymph 
node metastasis or higher proliferation index85. 

LUNG CANCER

In lung cancer has been shown for the first time that 
alterations in the miRNA expression may have a direct 
prognostic impact. let-7 expression is frequently reduced 
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in lung cancers and this is associated with decreased 
post operative survival89. In another study, high miR-155 
and low let-7a-2 expression correlated with poor survival 
of lung adenocarcinomas90. An in vitro experiment has 
demonstrated that overexpression of let-7 results in the 
inhibition of lung cancer cell growth89. Expression of 
this miRNA is lower in lung tumors than in normal lung 
tissue, while RAS protein is significantly higher in lung 
tumors, providing a possible mechanism for let-7 as a neg-
ative regulator of the RAS oncogene family91. Moreover, 
Dicer protein expression is reduced in a fraction of lung 
cancers with a prognostic impact on the survival of surgi-
cally treated patients92.

GLIOBLASTOMA

The analysis of both glioblastoma tissues and glio-
blastoma cell lines enabled the identification a group of 
microRNAs whose expression is altered in this frequent 
malignant primary brain tumor. Two miRNAs, miR-22193 
and miR-21 are strongly over-expressed in glioblastoma. 
miR-21, knockdown in cultured glioblastoma cells, triggers 
activation of caspases and leads to increased apoptotic 
cell death94. This miRNA is also up-regulated in breast 
cancer85, suggesting that its gene target(s) belong(s) to 
the class of tumor suppressors. Additionaly, a group of 
brain-enriched miRNAs, miR-128, miR-181a, miR-181b, and 
miR-181c, were down-regulated in glioblastoma93. Genes 
encoding microRNAs that were found to be modulated 
in glioblastoma, do not reside in chromosomal locations 
commonly deleted, amplified or rearranged in this type of 
brain tumor95, 96. This is in contrast with other miRNAs 
whose position is very often located in common regions 
of deletion or chromosomal rearrangements. The concur-
rent down-regulation of miR-181a, b and c occurs probably 
due to modulation of their expression rather than to rear-
rangements or deletions because they are located on three 
distinct chromosomes7, 97.

CONCLUSION

It is becoming clear that microRNAs play a very im-
portant role in regulation of gene expression. They are ex-
pressed at high levels in animal cells and are dynamically 
regulated during cell differentiation, apoptosis, prolifera-
tion, development and metabolism. MicroRNAs probably 
constitute as many as about 1000 miRNA genes in human 
genome and have a specific microRNA signature in each 
normal or cancer cell type. There has been demonstrated 
a possibility to use these microRNA signatures for a spe-
cific cancer classification with potential predictive and 
therapeutic value. MicroRNAs are aberrantly expressed in 
all studied cancer tissues, are located in cancer- associated 
genomic regions and their putative targets are very of-
ten tumor suppressors or oncogenes. For instance miR-
NAs miR-17–92, miR-155, miR-21, whose expression is 
enhanced in tumors, might be considered as oncogenes 

and their targets as tumor suppressors. Under-expressed 
miRNAs, such as let-7, probably act as tumor-suppressor 
genes and their modulation more likely reflects the loss of 
differentiation typical for tumor cells (Fig. 3). Substantial 
number of eukaryotic microRNAs has to be discovered 
and identification of their target genes is a big challenge 
for bioinformatics and molecular biologists because of 
their imperfect base-pairing with the target mRNA. The 
known data provide evidence that microRNAs may dis-
close new ways for cancer diagnosis, prognosis estimation 
and therapy. 
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GLOSSARY OF TERMS

AC4 protein – Geminivirus-encoded protein.
ACMV – African cassava mosaic virus. 
Ago proteins – Argonaute proteins, RNA binding proteins 

with endonuclease activity, members of RISC.
CLL – B cell chronic lymphocytic leukemias.
Cosuppression – Silencing of an endogenous gene caused 

by the introduction of a transgene or infection by a 
virus. This term, which can refer to silencing at the 
post-transcriptional (PTGS) or transcriptional (TGS) 
level, has been primarily adopted by researchers work-
ing with plants.

dcl1 – Dicer-like1. 
DGCR 8 – dsRNA binding protein part of Microprocessor 

complex.
Dicer – dsRNA-specificic endonuclease, a member of 

the RNase III family, which cleaves long dsRNA into 
21–25 nucleotide (nt) double stranded fragments.

Drosha – RNase III enzyme part of Microprocessor com-
plex. 

EBV – Epstein-Barr virus.
FXMR – Fragile X mental retardation. 
H3 Lys9 – Lysine no. 9 in histone 3.
HCMV – Human cytomegalovirus.
Heterochronic gene – Gene which controls the timing of 

Caenorhabditis elegans larval development.
IgVH locus – Immunoglobulin heavy chain variable re-

gion
Interferon response – A cellular response in most mam-

malian cells to dsRNA longer than 30 base pairs that 
results in global post-transcriptional gene silencing 
and usually leads to cell death.

M7G-cap – 7-methylguanylate cap of the 5’end of nascent 
RNA transcripts. 

Microprocessor – Nuclear enzymatic complex Micro-
processor including Drosha and DGCR8

miRNAs – MicroRNAs, endogenous, 21-24nt RNAs that 
mediate post-transcriptional gene regulation by pairing 
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with the 3’ untranslated region of mRNAs and acting 
as translation repressors.

p69 – Virulence factor encoded by turnip yellow mosaic 
virus, which suppresses the siRNA pathway but pro-
motes the miRNA pathway in Arabidopsis thaliana.

P-bodies – Processing bodies for storage repressed mR-
NAs, Ago proteins, and miRNAs 

PFV-1 – Primate Foamy virus type 1
pre-miRNA – An 65-nt intermediate with stem loop struc-

ture
pri-miRNA – Several hundred nucleotides long miRNA 

precursor 
PTGS – Post-transcriptional Gene Silencing. Silencing of 

an endogenous gene caused by the introduction of a 
homologous dsRNA, transgene or virus. In PTGS, the 
transcript of the silenced gene is synthesized but does 
not accumulate because it is rapidly degraded. This is 
a more general term than RNAi, since it can be trig-
gered by several different means

RISC – A nuclease complex, composed of proteins and 
siRNA or miRNA, that targets and destroys mRNAs 
complementary to the siRNA within the complex or 
inhibits translation of mRNA partially complementary 
to miRNA.

RISC* – Active RNA-induced silencing complex including 
siRNA or miRNA.

RNA interference (RNAi) – Post-transcriptional gene si-
lencing (PTGS) induced by the direct introduction of 
dsRNA. The term “RNA interference” was first used 
by researchers studying C. elegans.

shRNAs – Short hairpin RNAs, siRNA-like transcripts 
with stem-loop structure, recognised by DICER as a 
long dsRNA and processed into siRNA, without in-
terferon response.

siRNAs – Small interfering RNAs, exogenous, 21-23 bp, 
dsRNA. siRNAs are apparently produced in vivo by 
cleavage of dsRNA introduced directly or via a trans-
gene or virus. Amplification by an RNA-dependent 
RNA polymerase (RdRP) may occur in some organ-
isms. siRNAs are incorporated into the RNA-induced 
silencing complex (RISC), guiding the complex to the 
homologous endogenous mRNA where the complex 
cleaves the transcript.

SMA – Spinal muscular atrophy 
SMN – Survival of motor neuron gene.
SV40 – Simian virus 40 
TuMV – Turnip mosaic virus
UTR – Untranslated region.
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