Chapter 1
Controlling miRNA Regulation in Disease
Willemijn M. Gommans and Eugene Berezikov
Abstract
Our understanding of the importance of noncoding RNA molecules is steadily growing. One such important
class of RNA molecules are microRNAs (miRNAs). These tiny RNAs fulfill important functions in cellular
behavior by influencing the protein output levels of a high variety of genes through the regulation of
target messenger RNAs. Moreover, miRNAs have been implicated in a wide range of diseases. In pathological conditions, the miRNA expression levels can be altered due to changes in the transcriptional or
posttranscriptional regulation of miRNA expression. On the other side, mRNA molecules might be
able to escape the regulation by miRNAs. In this review, we give an overview on how miRNA biogenesis
can be altered in disease as well as how mRNAs can avoid the regulation by miRNAs. The interplay
between these two processes defines the final protein output in a cell, and thus the normal or pathological
cellular phenotype.
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1. Introduction
The discovery that the small RNA lin-4 could regulate the expression
of lin-14 in the nematode Caenorhabditis elegans (1) nearly
20 years ago was the beginning of a major shift in biological
research. It contributed to our current awareness that RNA molecules are not just simple intermediates between DNA and proteins,
but also can play important roles in gene regulation. These regulatory functions of RNA molecules can explain, at least in part, how
such complex organisms can arise despite that they harbor only a
limited set of protein-encoding genes. Although a tremendous
progress in the understanding of small RNA-mediated gene regulation has been achieved in recent years, there is still a whole layer
of relatively unexplored RNA-mediated mechanisms to be discovered that play a role in fine-tuning cellular behavior.
Jian-Bing Fan (ed.), Next-Generation MicroRNA Expression Profiling Technology: Methods and Protocols,
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After the initial discovery of lin-4, the different classes and
number of small regulatory RNAs has expanded dramatically. One
important class of such small RNA molecules are microRNAs
(miRNAs), of which there are currently several thousand annotated
in various species in the publically available database miRBase (2).
miRNAs are 20–23 nucleotides long, and are estimated to regulate
the expression of as much as one-third of genes in mammals (3).
miRNAs can downregulate gene expression by binding to complementary regions within the 3¢-untranslated region of mRNAs,
thereby effecting the translation or stability of the mRNA. In this
chapter, we intend to give an overview on the current knowledge
on miRNA biogenesis, their mode of action, and factors that influence miRNA-mediated regulation in normal and disease
development.

2. The Biogenesis
of an miRNA
In the human genome, miRNAs exist as either individual genes or
in clusters. A substantial fraction of miRNA genes are clustered
together, which might be related to their evolutionary mechanism
for spreading throughout the genome (4). These relatively closely
located miRNAs can be transcribed as one polycistronic transcript,
giving rise to multiple co-expressed mature miRNAs. Nonclustered
miRNA genes, on the other hand, are expressed as individual transcripts and have their own promoters (Fig. 1). Such transcriptional
organization of miRNA genes provides for numerous combinations of miRNAs that are individually or simultaneously expressed
in a spatiotemporal manner.
Also the genomic context of miRNAs can differ between the
individual miRNAs. The genes encoding for miRNAs can be
embedded in the intronic region of a protein-coding gene, as well
as located in an intergenic region. Those miRNAs that are imbedded
within other genes can have two forms of transcriptional regulation. They are either co-transcribed and processed together with
the protein-coding gene, or have their own intronic promoters (5)
(Fig. 1). Thus, the expression levels of intronic miRNAs do not
always have to correlate with the expression levels of the host gene.
Also, the independent transcriptional control of miRNAs underscores their role as independent regulators of gene transcription in
eukaryotic biology.
MiRNAs are transcribed as long precursor molecules by the
RNA polymerase II, and these so-called primary (pri-)miRNAs can
be up to several kilobases long. During and after transcription,
pri-miRNAs fold back into imperfect double-stranded RNA molecules that are the stepping stones for subsequent processing into
the mature miRNAs. The maturation of pri-miRNA transcripts
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Fig. 1. The miRNA biogenesis pathway. MicroRNAs (thin boxes) can be located in intergenic regions or are embedded in the
intronic region of a protein-encoding gene (exonic regions are shown here as thick boxes). In addition, microRNAs can be
co-expressed with the genes in which they are implanted, or they have their own promoter sequence (arrows). After transcription, the pri-miRNA sequence is processed by the Drosha complex, the resulting pre-miRNA sequence is exported to
the cytoplasm, and subsequently cleaved by the Dicer complex into a mature miRNA sequence. On the other hand, mirtrons
are not cleaved by Drosha, but the pre-miRNA sequence is generated through splicing, after which it follows the biogenesis
pathway of canonical miRNAs. The mature miRNA sequence is loaded into the RISC complex, which results in a reduction
of protein output after binding to the target mRNA. See the main text for more details.

into mature miRNAs involves several consecutive protein-mediated
processing steps (6) (Fig. 1). In mammalian systems, the first
processing step of the pri-miRNA to precursor pre-miRNA occurs
in the nucleus by the microprocessor complex that consists of at
least 20 distinct proteins, including the RNAse III enzyme Drosha
and the double-stranded RNA-binding enzyme DGCR8. A single
pri-miRNA contains a typical stem structure of around 33 bp, and
Drosha is guided by DGCR8 to cleave about 11 bp away from this
stem-ssRNA junction (7). This cleavage step results in pre-miRNAs
that are around 60–80 nt in length and contain a typical 2 nt
3¢-overhang due to the Drosha cleavage.
The following processing step takes place in the cytoplasm.
Thus, in order to become mature miRNAs, the pre-miRNAs are
first transported from the nucleus into the cytoplasm. This transport
is mediated by nuclear pore complex exportin5 and RanGTP (8–10),
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and the length of the stem loop structure as well as the presence of
the 3¢-overhang is important for recognition of the pre-miRNA by
exportin-5 (9, 11). In the cytoplasm, the pre-miRNAs are cleaved
into mature miRNA molecules by the RNAse III enzyme Dicer.
This generates the final double-stranded miRNA products of
21–23 nucleotides, containing 2 nucleotide 3¢-overhangs on both
sides of the molecule. The Dicer protein alone is sufficient for generating the mature miRNAs from pre-miRNAs, but it does interact
with a series of other proteins, such as TRBP (12).
In order for an miRNA to be functional in the regulation of
gene expression, it has to be incorporated in the multiprotein complex (miRNA-induced silencing complex (miRISC). TRBP can form
a bridge between the miRNA processing by Dicer and the ultimate
functionality of the miRNA, by forming a complex with Dicer and
recruiting Argonaute (Ago), an essential member of the miRISC
complex (12). In general, the miRNA strand with the thermodynamically less stable 5¢-end is incorporated in the miRISC complex
(6) and functions as a template for scanning mRNA 3¢-UTRs for
sequences complementary to the miRNA. The other strand, referred
to as the star or passenger strand is in most cases rapidly degraded.
Strikingly, the miRNA does not have to possess a completely
perfect complementary sequence to the 3¢-UTR for mediating gene
repression. More precisely, the number of perfect matches needed
between the miRNA and the target mRNA seems to differ from
miRNA to miRNA to mRNA. The only critical sequences for targeting seem to be in the 5¢-end of the miRNA, the so-called seed
sequence, which comprises nucleotides 2–8, although weaker seed
sequences might be compensated through pairing of the 3¢-end of
the miRNA to the mRNA. This lack of black-and-white well-defined
miRNA target recognition rules thus makes it extremely difficult to
identify bona fide miRNA targets in silico (13).

3. Posttranscriptional
Factors That
Modulate miRNA
Biogenesis

The biogenesis of miRNAs is subjected to complex regulatory
mechanisms. The regulation of miRNA production can provide
the cell with a fast-acting response to environmental changes. Also,
this effect will be wide-spread, as miRNAs act on many different
mRNAs simultaneously. Influencing the efficiency of miRNA
biogenesis can therefore be a quick and powerful approach to
anticipate to external and internal cellular fluctuations.
As mentioned above, the canonical processing of pri-miRNAs
into mature miRNAs occurs in two consecutive steps (Fig. 1). The
transcribed pri-miRNAs are cleaved by the Drosha complex into
pre-miRNAs, of which subsequently mature miRNAs are generated by the Dicer-processing complex. The processing efficiency of
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subsets of pri-miRNAs into the final mature miRNAs is influenced
by a battery of other proteins, generating a complex network of
miRNA expression regulation, which we are only just beginning to
understand. We discuss several examples below.
During differentiation, there is a steady increase in mature
Let-7 g levels. However, the pri-miRNA levels of Let-7 g remain
fairly constant (14). This indicates that there is some kind of Drosha
processing block for pri-miRNA Let-7 g processing, either due to
posttranscriptional modification of Drosha, or due to the influence
of other regulatory proteins. One of these regulatory proteins is
the tumor suppressor p53, as p53 can enhance the processing
efficiency of several miRNAs by interacting with a protein in the
Drosha complex (15). Intriguingly, of the miRNAs that were tested
in this study, the miRNAs that were influenced by p53 had growth
suppressive functions. How p53 selects between different miRNAs
is yet unknown, but it directly couples the tumor suppressive network
to the process of miRNA biogenesis. Another family of proteins
that acts on the level of Drosha cleavage are Smad proteins (16).
These proteins recognize and bind to a specific motif present within
the stem loop region of certain miRNAs. Binding of the Smad
proteins subsequently enhances the docking and cleavage by Drosha.
Thus, both Smad proteins as well as p53 enhance the processing step of pri-miRNAs into pre-miRNAs. On the other side, there
are also proteins that can inhibit the processing of pri-miRNAs.
Upon binding of the estrogen receptor α to estrogen, the receptor
associates with the Drosha complex and inhibits the maturation of
a set of miRNAs (17). In addition, depletion of the nuclear factor
(NF) NF90 and NF45 results in an accumulation of pri-miRNAs
in the cells (18).
A subgroup of miRNAs that skips the Drosha processing step
altogether are mirtrons (19–21). These miRNAs are encoded
within small intronic regions of transcribed genes. Upon splicing,
the intronic region folds into a pre-miRNA hairpin structure. These
pre-miRNA hairpin mimics subsequently follow the canonical
miRNA biogenesis pathway to mature miRNAs.
The step following Drosha cleavage is the transport of the
pre-miRNA into the cytoplasm. However, to what extent miRNA
biogenesis is controlled by the efficiency of the pre-miRNA export
is still a matter of debate (22). In the cytoplasm, the processing of
miRNAs can be controlled by factors that influence the efficiency
of Dicer. The protein TRBP is phosphorylated through the MAPK
signaling pathway, and phosphorylated TRBP does stabilize the
Dicer-processing complex. This stabilization results in an increased
miRNA production and miRNA-mediated target silencing (23).
Thus, crucial signaling pathways, such as the tumor suppressive
p53 pathway and the oncogenic MAPK/Erk pathway, are involved
in miRNA biogenesis. This suggests that these cell growth-regulating
pathways can also partly exert their effects through regulating miRNA
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expression, and that misregulation of miRNA biogenesis can be
involved in oncogenesis, as is discussed in more detail below.
There are also proteins that can interfere with both the Droshaas well as the Dicer-mediated cleavage step. The protein Lin28
binds to a specific sequence present in the loop structure of the
miRNA let-7. This binding inhibits both the Drosha and Dicer
cleavage step (24–27). Moreover, Lin28 recruits a terminal uridylyl
transferase that uridylates pre-let-7, guiding pre-let-7 into a degradation pathway (28). However, protein binding can also have an
opposite effect, resulting in an enhanced Drosha and Dicer
processing. In the case of the miRNA mir-18a, the protein hnRNP
A1 binds both the terminal loop structure as well as the stem loop
of the pri-miRNA (29), and knockdown of hnRNP A1 reduces the
levels of both pri- and pre-mir-18a (30). Also the protein KSRP
can promote the processing of several miRNAs. KSRP is a component of both the Drosha- and Dicer-multiprotein complex, and it
binds to the terminal loop region of pri- and pre-miRNAs (31).
Binding of this protein can subsequently result in the recruitment
or correct positioning of the Drosha- or Dicer-complex.
The above-described proteins directly interact with proteins of
the miRNA-biogenesis machinery. Another family of proteins that
has a completely different mode of action is the ADARs. These
proteins can alter the primary sequence of double-stranded RNA
molecules, such as pri-miRNAs (32–36), through the hydrolytic
deamination of adenosines. This results in the conversion of an
adenosine into an inosine, and the inosine behaves similar to
guanosine. This A-to-I editing of pri-miRNAs can alter the
processing efficiency of Drosha and/or Dicer and is expected to
occur in roughly 16% of all pri-miRNA molecules (37). Most interestingly, editing also occurs in the seed region of miRNAs. The
editing at these positions can alter the target recognition of the
miRNA, with the edited version targeting another set of genes
than the unedited version (34). Although difficult to assess (38),
the editing of the mature miRNA sequence seems to be limited
and the main effect of miRNA editing therefore appears to be the
alteration of miRNA biogenesis.
The final generated mature miRNA is incorporated into the
miRISC complex and its ultimate half-life is dependent upon
several factors (39). The miRNA is protected against decay through
incorporation into the Argonautes, and ectopic expression of the
Ago proteins results in increased miRNA levels (39, 40). However,
for example in neurons there is still a rapid turnover of miRNAs
with a half life of approximately 1 h (41). In the nematode C. elegans,
the degradation of the exposed mature single-stranded miRNAs is
mediated by the 5¢-3¢ exonuclease XRN-2 (42). This protein seems
to have an intriguing double function, as it can also mediate the
release of the miRNA from the Ago-complex if the miRNA is not
interacting with its target molecule. This regulatory mechanism
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might be important for the rapid transitions seen in miRNA expression
profiles.
Also posttranscriptional modification of the miRNA could
increase its half-life. However, this seems to be a much more
common phenomenon in plants rather than in animals. Although
deep-sequencing studies indicated that mammalian miRNAs frequently contain untemplated adenine or uracil additions (43), a
functional effect has so far only been demonstrated for miR-122,
where the addition of an adenine at the 3¢-end enhances its
stability (44).
There is thus a whole array of regulatory proteins that influence
the homeostasis of mature miRNAs, and more proteins and regulatory mechanisms are likely yet to be discovered (22, 39). The interplay
between all these proteins will generate a broad spectrum of miRNA
expression levels, which cannot be deducted solely from their initial
transcription levels. Another pending question is how precisely miRNAs subsequently regulate the repression of gene expression. As is
discussed in more detail below, also here there might be more (regulatory) roads that are leading to Rome.

4. miRNAMediated
Regulation of Gene
Repression

In animal systems, miRNAs can regulate gene expression through
either the inhibition of protein translation or initiation of mRNA
degradation (6). This is a major difference with the plant kingdom, where miRNAs form highly complementary Watson-Crick
base pairing with the target mRNA and subsequently solely
induce mRNA cleavage (45). Nonetheless, in animals there seems
to be a correlation with the extent of base-pairing between the
miRNA and its target, and subsequent cleavage or translational
repression (46).
In mammals, there are four members of the Argonaute family
(AGO1-4) (47), of which only AGO2 has mRNA cleavage (“slicer”)
activity and is also the only AGO protein that functions in the
RNA interference (RNAi) pathway by cleaving the mRNA in the
center of the mRNA-siRNA duplex (47, 48). Interestingly, there is
also an miRNA mir-451, whose maturation is directly regulated by
the slicer activity of AGO2. Instead of Dicer, this pre-miRNA is
cleaved by AGO2 and likely subsequently polyuridylated and
trimmed into the mature miR-451 sequence (49). There is thus a
close interplay between miRNA production and activity. Besides
the slicer activity of AGO2, miRISCs containing either AGO2 or
other AGO proteins can cause a reduction in the protein output
without directly diminishing the mRNA levels. In these instances,
reduction in protein expression is caused by interfering with the
translational machinery.
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There are currently several working models that describe the
repression of translation after binding of the miRISC complex to
the mRNA molecule. Broadly, these mechanisms can be divided
into inhibition before or after the initiation of translation. Inhibition
of translation at the initiation step can occur through interference
with the protein assembly on the mRNA molecule, prior to translation. In brief, proteins that bind to either the 5¢- cap or the 3¢polyA tail of the same RNA molecule interact with each other,
bringing the two ends of the RNA molecule together. This circularization stimulates the initiation of translation. In the case of
miRNA-mediated repression, AGO2 might interact with the 5¢cap of the RNA molecule, competing with the binding of the regular translation initiation factors (6, 50). In addition, miRNA-mediated
repression can result in the shortening of the 3¢-polyA tail through
deadenylation (51–54), which might cause the disruption of the
circularization of the RNA molecule. Thus, inhibiting the translation by miRNAs can be caused by targeting either of both the 5¢or 3¢-ends of the RNA molecule.
As with many new rapidly evolving research fields, there is not
yet one solid answer to the question of how miRNAs regulate the
inhibition of protein translation; besides inhibiting the translational
machinery at the initiation step, there is also evidence that miRNAs
can repress gene expression during the elongation of translation.
An intriguing example is the study from Petersen et al. (55) that
showed that short RNA-induced repression can also occur in the
downstream open reading frame of a bi-cistronic reporter containing and IRES. The translation of this downstream RNA molecule
is thus independent of the 5¢-cap structure. Moreover, other data
indicated that translating ribosomes do assemble but might prematurely drop-off again. It is very well feasible that miRNAs can act
as inhibitors of translation on both the level of translation initiation
as well as translation elongation. However, the importance of either
mechanism is still fuel for an ongoing scientific debate.
Besides mRNA cleavage or the inhibition of the translational
machinery, other mechanisms that reduce the protein output can
play a role as well. miRNAs can induce the deadenylation of the
mRNA polyA tail, leading to de-capping and subsequent degradation of the RNA molecule through 5¢ → 3¢ exonucleolytic activity
(52–54, 56). So there seem to be many different mechanisms by
which a miRNA can cause a reduction in the protein output. At
this moment, it is not yet clear what determines whether the RNA
is destabilized or if there will be inhibition of translation. Also, it is
unclear whether RNA deadenylation results from translational
repression, or whether this is a primary event. A recent study from
Guo et al. (57) demonstrated that over 80% of the decreased protein production was assigned to a decrease in mRNA levels, thus
supporting the mRNA destabilization model.
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miRNAs play an important regulatory role in many crucial cellular
pathways, such as development, differentiation, and apoptosis.
However, knockdown of specific miRNAs in flies and worms in
many cases did not reveal crucial viable or developmental defects
(58–60). But when environmental conditions changed, the defects
due to knockdown of certain miRNAs became apparent (61). This
indicates that miRNAs can play a role in maintaining homeostasis
in a cell, and there is a loss of fine-tuning when conditions are
altered. It is therefore not surprising that an altered miRNAmediated regulation can contribute to pathological conditions,
such as cancer, cardiovascular disease, and many others. This altered
regulation of the miRNA target can be the result of changed
miRNA levels, but also because the mRNA target might simply
escape miRNA-controlled regulation (Fig. 2).

Fig. 2. Preventing the regulation by miRNAs (a) Shortening of the 3¢-UTR results in less binding sites for miRNAs.
(b) Decreased A-to-I RNA editing activity causes an increased prevalence of an adenosine over an inosine, which subsequently
causes the loss of an miRNA binding site. (c) Genomic translocation leads to another 3¢-UTR sequence and consequently
other miRNA-binding sites. (d) The expression of a pseudogene captures the miRNAs away from the original mRNA target
sequence. (e) Binding of an RNA-binding protein opens up the structure of the 3¢-UTR and makes it more accessible for the
miRNA to target the mRNA.
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6. Escaping
miRNA-Mediated
Regulation

The interaction between the miRNA and the target mRNA occurs
predominantly in the 3¢-UTRs of the mRNA molecule. This results
either in inhibition of translation or RNA degradation, as outlined
above. Thus, a way for mRNAs to escape the regulation by miRNAs
is to shorten the length of the 3¢-UTR by alternative polyadenylation (Fig. 2a). This intriguing possibility was first investigated by
Sandberg and coworkers (62), who demonstrated the widespread
shortening of 3¢-UTRs upon activating/proliferating stimuli in a
variety of immune cells. To further extrapolate their results, they
also investigated a wide variety of cell lines. The length of the 3¢UTR was consistently lower in cell lines in comparison to the tissues
from which they originated, further indicating that the length of
the 3¢-UTR was associated with the cellular proliferation potential.
Using a luciferase-based system, a longer 3¢-UTR was shown to
decrease protein output in comparison to the short 3¢-UTR
sequence, likely due to the inhibition of translation or RNA stability. Finally, they suggest a model in which the shortening of the
3¢-UTR region results in reducing the potential for targeting by
antiproliferative factors, such as certain families of miRNAs (62).
In another key study, the shortening of the 3¢-UTRs is linked
to oncogenic transformation rather than proliferation per se (63).
Mayr and Bartel show that cancer cell lines compared to nontransformed cell lines have shortened 3¢-UTRs, despite a similar proliferation potential. These shorter mRNA forms are more stable and
characteristically produce about ten times more protein. In the
case of oncogenes, shortening of the 3¢-UTR by alternative polyadenylation can result in an increased protein production and consequent cellular oncogenic transformation. The increased protein
output could at least in part be explained by escaping miRNAmediated regulation (63). These observations suggest that mRNAs
can escape miRNA-mediated control due to a shortened 3¢-UTR,
and that this alternative polyadenylation could contribute to the
oncogenic potential of tumor cells.
Another intriguing mechanism by which mRNAs can escape
the control of miRNAs in disease is an alteration in RNA editing
activity (Fig. 2b). As mentioned above, A-to-I RNA editing converts an adenosine into an inosine, which is subsequently interpreted as guanosine. RNA editing is a widespread phenomenon,
and, for example, in brain tissues it is estimated to occur once in
every 17,000 nt (64). Most editing events take place in the untranslated regions, including 3¢-UTRs. A study investigating the interplay between editing and miRNA regulation demonstrated that
mRNA editing seems to avoid miRNA seed sequences (65).
However, several sites were found where editing abolished an
miRNA binding site, or generated a new miRNA recognition site.
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The editing efficiency at an individual position can range from <2%
to 90% (66), and its activity is altered in cancer and a variety of
other diseases (67). This generates a complex interplay between
two important posttranscriptional mechanisms to fine-tune gene
regulation in normal and diseased conditions.
A more permanent methodology to eliminate miRNA-binding
sites is the acquisition of genomic mutations in the 3¢-UTR during tumor development (Fig. 2c). One such example is the oncogene Hmga2 (68), in which a chromosomal translocation causes
disruption of the 3¢-UTR. The Hmga2 3¢-UTR contains several
binding sites for the tumor-suppressive miRNA let-7, and disruption of these binding sites can lead to higher levels of Hmga2 and
consequent oncogenic transformation. Thus, not only mutations
in the open reading frame of specific proteins can result in pathological conditions, but also genomic alterations in the 3¢-UTR
that disrupt or create miRNA-binding sites, can play a role in disease
development.
More subtle genomic alterations can occur through single
nucleotide polymorphisms (SNPs). When located in the 3¢-UTR
of a gene, these SNPs can either disrupt or create miRNA binding
sites. SNPs are allele-specific, and measuring the differences in
allele-specific mRNA expression levels indeed revealed that genes
carrying an SNP-generated miRNA-binding site were repressed in
those tissues where the miRNA was expressed as well (69). As two
unrelated humans have a distinct set of SNPs, many genes will be
expressed in an individual-specific manner and can subsequently
also underline differences in disease risk and clinical outcome.
The final protein levels from a certain transcript depend both
on the number of miRNA molecules and the number of mRNA
molecules present in a certain cell. However, if the miRNA binds
to other RNA molecules, the original target mRNA is thus derepressed and translation can take place. This function can be fulfilled
by pseudogenes, such as PTENP1 and KRASP1, which can modulate the protein production of respectively the tumor-suppressor
PTEN and the oncogene KRAS, by functioning as a decoy for
miRNA binding (Fig. 2d). Intriguingly, in certain cancer types, the
pseudogene PTENP1 has indeed a loss of genomic copy number,
whereas the KRAS1P locus is amplified in a variety of human
tumors, which is consistent with their tumor-suppressive and oncogenic roles (70). As pseudogenes are nearly as numerous as proteincoding genes in the transcriptome, many more examples might
exist, attributing a novel role for pseudogenes in regulating the
expression of coding genes.
Finally, another way for an mRNA molecule to escape the regulation by miRNAs is to hide the miRNA-binding site for the binding
of the miRNA (71) (Fig. 2e). The miRNAs mir-221 and mir-222
are required in cancer to inhibit the expression of p27 and subsequently stimulate proliferation. Intriguingly, the levels of these
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miRNAs and p27 mRNA are not significantly altered in quiescent
and cycling cells. However, in cycling cells the RNA-binding
proteins PUM1 and PUM2 are activated and bind to the 3¢-UTR
of p27. It is this binding that opens up the secondary structure of
the p27 3¢-UTR and subsequently causes the miRNAs to bind and
repress p27 protein expression (71). There is thus an extensive
interplay between the control of protein expression by miRNAs
and the many factors that influence the overall availability of
miRNA-binding sites. The balance between this availability, as well
as mRNA and miRNA levels ultimately define the protein output
of a certain transcript, and if this balance shifts it might contribute
to the development of disease. Besides the alteration of factors
influencing the availability of miRNA-binding sites in pathological
conditions, the expression levels of miRNAs themselves are also
often altered in disease states. This can be due to differences in
expression levels and also due to factors influencing the processing
of miRNAs, as discussed below.

7. Altered miRNA
Expression Levels
in Pathological
Conditions

At present, there are hundreds of research papers describing a role
for miRNAs in pathological conditions, and the number of miRNA
publications is steadily growing each year (72). This is not surprising, as miRNAs can influence the expression levels of many proteins that are involved in cell development, homeostasis, and
disease. The strength of a single miRNA lies predominantly in the
fact that it can influence the expression of an array of proteins.
Thus, often the inhibitory effect of one miRNA on one protein is
only marginal, but it is the cumulative effect of one miRNA on
many proteins that results in the final cellular behavioral response.
Changes in the expression level of a single miRNA can thus be an
important factor in severe pathological conditions.
Among the first miRNAs that were suggested to play a direct
role in tumor biology were mir-15a and mir-16-1. They were originally found in a genomic area that is often deleted in chronic lymphocytic leukemia (CLL), and these miRNAs were shown to be
lost in about 70% of developing CLL (73). Strikingly, many other
miRNA genes are located in cancer-associated genomic regions or
fragile areas as well (74). Besides mir-15-1 and mir-16-1, a variety
of other miRNAs have now been shown to play a direct role in
tumor biology, functioning either as a tumor-suppressors or oncogenes (75).
A striking example of how one miRNA can drastically alter a
cellular phenotype is mir-21 (76). This miRNA is overexpressed in
a great number of tumor types and induction of mir-21 expression
in vivo results in a pre-B malignant lymphoid-like phenotype.
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Upon subsequent inactivation of mir-21 expression, this phenotype
completely regresses again within a few days, indicating that tumors
can become addicted to oncogenic miRNAs and demonstrating
the strength of a single miRNA to regulate cellular behavior.
mir-21 was artificially introduced in these cell types, which
resulted in the oncogenic transformation. In cancer, however, the
expression levels of a wide variety of miRNAs was shown to be
reduced (77) to such an extent that clustering of miRNA expression profiles causes tumor tissues to group together, instead of
clustering to the tissue from which they derive (77). These miRNA
changes can be the consequence of altered miRNA gene transcription levels. Among others, widespread repression of miRNA gene
expression can occur via the c-Myc oncogene (78) or hypermethylation of CpG island promoters (79–81). But global changes in the
mature miRNA levels can also occur posttranscriptionally, as often
the altered levels in mature miRNAs do not correlate with changes
in the primary miRNA transcript (14). What is the cause of these
altered mature miRNA levels is still relatively unknown, although
alterations in mechanisms that control the steady-state levels of
miRNAs could at least partly explain these observed wide-spread
changes in miRNA expression profiles.
As mentioned above, the tumor-suppressor gene p53 influences the processing of a group of miRNAs. As the protein levels
of p53 are reduced in a high number of tumor types, this might
alter the expression of these miRNAs as well. The same can hold
for other proteins that influence the processing of pri- or pre-miRNAs,
such as SMADs, NF90, or ADARs. Differential expression of each
of these proteins in diseased tissues can cause an alteration in the
expression levels of subsets of miRNAs.
Yet another protein involved in the differential expression of
miRNAs in disease is the key miRNA-processing enzyme Dicer. In
a variety of cancers, the expression of Dicer was shown to be
reduced, including lung cancer, hepatocellular carcinoma, and
ovarian cancer (82–85). This reduced expression was in general
correlated with a poor clinical outcome. In addition, knock-down
of Dicer caused an enhanced proliferation and migration rate of
tumor cells, and in mice decreased Dicer expression resulted in a
reduced survival rate due to an increased tumor burden (86).
Intriguingly, this reduced survival was correlated to a hemizygous
instead of a homozygous loss of Dicer, indicating that Dicer functions as a haploinsufficient tumor suppression gene. Also, hemizygous deletion of Dicer in cell lines indeed resulted in reduced
steady-state miRNA levels (87). These results indicate that the
observed reduced Dicer expression in cancer at least partly contributes to the global reduction in miRNA expression levels that are
typical for cancerous tissues (77, 82, 87).
No loss-of-function genetic mutations have been reported for the
Dicer gene in tumor tissues, even though it acts as a tumor suppressor
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gene and shows reduced protein levels in a variety of tumor types.
Reduced Dicer expression might occur due to changes in the
transcriptional regulation of Dicer, mediated for example by TAp63
in metastasis (88). However, reduced Dicer expression can also at
least partly arise from mutations in the gene encoding for TRBP
(89). As discussed above, TRBP is involved in miRNA processing
through direct interaction with the endonuclease Dicer.
Heterozygous mutations in the TRBP gene are found in several
types of cancer, where it causes a reduction in the TRBP protein
levels. Reduced TRBP protein levels results in the destabilization
of the Dicer protein and thus subsequently reduces Dicer protein
levels. Moreover, mutations in TRBP also lead to reduced miRNA
levels and this deregulation of miRNA processing caused an
enhanced tumor growth (89). Thus, the global inhibition in
miRNA expression as seen in cancer does not seem to be a mere
consequence of a reduced differentiation state of the cell. Instead,
a reduction in the general miRNA processing efficiency seems to
have a direct effect on the oncogenic potential of tumor cells,
which is also in agreement with the finding that Dicer can act as a
tumor suppressor gene.
In general, proteins that are involved in the homeostasis of
miRNAs could also influence the miRNA expression levels in diseased conditions, either by inducing or reducing the processing
efficiency of subsets of miRNAs or globally altering the miRNA
expression levels. These altered miRNA levels can subsequently
have an influence on the cellular phenotype, such as an increase in
the oncogenic potential of a cell. Pinpointing and influencing the
underlying mechanisms that regulate miRNA homeostasis can
therefore be relevant for finding novel therapeutic strategies.

8. Concluding
Remarks
The biogenesis of an miRNA is still an intensive area of investigation
for many research groups. Besides the pri- and pre-miRNA processing complexes there are also many other factors involved that finetune the regulation of miRNA expression after transcription. This
fine-tuning is highly important, as miRNAs can play important roles
in disease development and thus their expression should be tightly
controlled. We are still only at the beginning of understanding the
regulatory mechanisms that control the biogenesis of an miRNA, and
it is expected that other regulatory proteins are yet to be discovered.
This enhances our understanding on how miRNA expression can be
deregulated in disease and might provide novel therapeutic avenues
for controlling the miRNA balance within a cell.
In addition to miRNA expression alterations, some mRNA targets
seem to directly escape miRNA-mediated regulation in diseased
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conditions. For example, the global shortening of 3¢-UTRs as well
as the genomic translocation of protein-encoding genes might
directly result in increased protein levels due to a loss of miRNA
control. For now, it remains to be investigated if this loss of
miRNA-mediated control of gene expression directly results in an
altered cellular behavior, or whether this is a secondary effect.
Overall, the balance between the miRNA levels as well as the
availability of the mRNA target defines the final protein output. It
is this balance that is disturbed in many diseases, and might play a
more significant role than has been recognized during these last
decades. Our understanding of the consequences that small molecules play in normal development and disease is steadily growing
and will ultimately change our perspective on cellular behavior. In
this respect, the availability of deep-sequencing methods to find
novel small RNA species in addition to determining their expression levels and modifications as described in the following chapters, are of great importance for elucidating the effect of small
RNAs on the final cellular phenotype.
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