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2 MICRORNAS: A BRIEF INTRODUCTION

  ABBREVIATIONS 

   ADAR       adenosine deaminases that act on RNA   
   Ago       Argonaute   
   ALL       acute lymphoblastic leukemia
   CLL       chronic lymphocytic leukemia
   DGCR8       DiGeorge critical region 8   
   dsRNA       double-stranded RNA   
   Exp-5       exportin 5   
   HITS-CLIP       high-throughput sequencing of RNA isolated by cross-linking

immunoprecipitation   
   IP       immunoprecipitation   
   lncRNA       long non-coding RNA   
   miRISC       miRNA RNA interference silencing complex   
   miRNA       microRNA   
   mRNA        messenger RNA   
   ncRNA       non-coding RNA   
   nt       nucleotide
   PACT       protein activator of the interferon-induced protein kinase   
   PAR-CLIP       photoactivatable-ribonucleoside-enhanced cross-linking and 

immunoprecipitation   
   PASR       promoter-associated small RNAs   
   piRNA       piwi-interacting RNA   
   PROMPT       promoter upstream transcripts   
   RBP       RNA-binding protein   
   RNAi       RNA interference
   snoRNA       small nucleolar RNA   
   ssRNA       single-stranded RNA   
   TF       transcription factor   
   tiRNA       tiny RNA   
   TRBP       HIV-1 TAR RNA binding protein   
   tRNA       transfer RNA   
   TSSa-RNA       TSS-associated RNA   
   T-UCR       transcribed ultraconserved regions
   UTR       untranslated region     

  I.       A SHORT HISTORY OF SMALL  RNAS

 The central dogma of molecular biology, fi rst postulated by Francis Crick in 1958 and
later refi ned in 1970, states that biological information fl ows unidirectionally from DNA 
to RNA to protein ( Crick   1970 ). This view implies that  non-coding RNA  ( ncRNA ) has
little or no intrinsic value, despite accounting for more than 90% of eukaryotic transcrip-
tional output ( Mattick   2001 ). Consequently, it is perhaps not surprising that  microRNA s 
( miRNA s) were unknown to the scientifi c community until very recently. Indeed, it was
only in 1993 when the fi rst, what we now know to be a miRNA, was announced by the
Ambros and Ruvkun laboratories simultaneously in the December edition of the journal 
Cell  ( Lee et al.   1993 ;  Wightman et al.   1993 ). The Ambros group had identifi ed and clonedl
a Caenorhabditis elegans developmental regulatory locus,  lin-4 , that did not contain con-
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ventional start and stop codons. Furthermore, introducing mutations that disrupted the 
putative open reading frame in this 700-nt fragment did not affect function, suggesting
that  lin-4 did not encode for a protein at all ( Lee et al.   1993 ). At the same time, the Ruvkun 
lab were working on another temporal regulator of  C. elegans , lin-14. They had found that 
lin-14  was regulated posttranscriptionally via a repeat sequence in the 3 ′- UTR  ( untrans-
lated region ) of the gene ( Wightman et al.   1993 ). The two labs shared their unpublished 
fi ndings and realized that the small transcripts of  lin-4 (22 nt and 61 nt in length) contained 
complementary sequences to the 3′ -UTR sequence of lin-14 , and could regulate this gene
via an entirely new regulatory mechanism involving non-coding RNA. However, as  lin-4
has no clear homologue outside of worms, the biological signifi cance of this discovery
was not realized until many years later. 

 Although RNA silencing had been known in plants since the beginning of the 1990s 
( Napoli et al.   1990 ), the connection with small RNAs was not made until 1999, when the 
Baulcombe laboratory identifi ed small (25-nt) non-coding RNA species complementary 
to the target gene that were responsible for gene silencing ( Hamilton and Baulcombe
 1999 ). A few months later, it was demonstrated that dsRNA, the trigger for  RNA interfer-
ence  ( RNAi ) ( Fire et al.   1998 ), was sequentially processed into 21–23 nt ssRNA fragments 
( Zamore et al.   2000 ). Soon after, another publication from the Ruvkun laboratory described 
a heterochronic gene of C. elegans,  let-7, that controls juvenile to adult transition in larval 7
development ( Reinhart et al.   2000 ).  let-7 shared many of the characteristics of  7 lin-4 as it 
encoded for a small (21 nt) ncRNA transcript that negatively regulated the mRNA of lin
family members through complementary RNA-RNA interactions at the 3 ′-UTR of these 
genes. Unlike lin-4,  however, the sequence of let-7 was found to be conserved in most 7
eukaryotic organisms ( Pasquinelli et al.   2000 ;  Lagos-Quintana et al.   2001 ). Together, these 
discoveries instigated the start of the miRNA revolution, a term fi rst coined by Lee and
Ambros in 2001 ( Lee and Ambros   2001 ). Since this time, over 25,000 miRNAs (including
more than 2000 human miRNAs) have been identifi ed from a diverse range of more than 
190 different species, including algae, plants, mycetozoa, arthropods, nematodes, proto-
zoa, vertebrates, plants, and viruses ( Griffi ths-Jones et al.   2006 ). For a current list of 
annotated miRNAs, see the miRBase database ( http://www.mirbase.org/ ). 

MiRNAs primarily function as posttranscriptional (negative) regulators of gene 
expression via binding to complementary sequences located mainly within the UTRs of 
target genes. Because a single miRNA can target several hundred genes, it is believed 
∼ 60% of all human genes are a potential target for miRNA regulation ( Friedman et al.  
 2009 ). In addition, a single target gene often contains binding sites for multiple miRNAs 
that can bind cooperatively ( Lewis et al.   2003 ), allowing miRNAs to form complex regula-
tory control networks. Perhaps, unsurprisingly, miRNAs have been shown to play key 
regulatory roles in virtually every aspect of biology, including the many physiological and
pathological processes described in the chapters of this book.  

  II.       BIOGENESIS OF MIRNAS

 The majority of human miRNAs are encoded within introns of coding mRNAs, while 
others are located exgenically, in non-coding mRNAs or within the 3 ′-UTR sequence of 
coding mRNA ( Rodriguez et al.   2004 ). MiRNAs are transcribed as 5′ -capped large poly-
adenylated transcripts (pri-microRNA) primarily in a Pol II-dependent manner, although 
the involvement of Pol-III transcription has also been postulated for miRNAs encoded 
within Alu repeat sequences ( Borchert et al.   2006 ). 



4 MICRORNAS: A BRIEF INTRODUCTION

Adenosine deaminases that act on RNA  ( ADARs ) can alter the specifi city and binding
capacity of miRNA transcripts by changing adenosine bases to inosine post-transcriptionally.
For example, ADAR-mediated changes to the pre-miR-151 sequence cause accumulation 
of the pre-miRNA by blocking Dicer processing ( Kawahara et al.   2007a ). A selective
change to the seed sequence of miR-376  by ADARs causes it to additionally target 6 PRPS1
( Kawahara et al.   2007b ). Deep sequencing of mouse brain tissue has identifi ed a number 
of “edited” miRNAs, increasing the potential repertoire of miRNA targets available for 
regulation ( Chiang et al.   2010 ).

Approximately 40% of human miRNAs are cotranscribed as clusters encoding mul-
tiple miRNA sequences in a single pri-microRNA transcript ( Altuvia et al.   2005 ;  Hertel
et al.   2006 ). Pri-miRNAs are cleaved within the nucleus by Drosha, an RNaseIII-type 
nuclease, to form 60–110 nucleotide hairpin structures (pre-microRNA) (Figure  1.1 ).
Drosha by itself possesses little enzymatic activity and requires the cofactor  DiGeorge
syndrome critical region 8 gene  ( DGCR8 ) in humans (Pasha in  Drosophila   ) to form the
microprocessor complex ( Yeom et al.   2006 ).

Once produced, pre-miRNAs are exported from the nucleus to the cytoplasm by
 Exportin-5  ( Exp-5 ) in a Ran-GTP dependent manner ( Zeng   2006 ). The cytoplasmic pre-
miRNA is further cleaved by Dicer, another RNaseIII-type enzyme, to form an asymmetric
duplex intermediate (miRNA : miRNA* ), consisting of the mature miRNA sequence and
the antisense miRNA passenger strand (miRNA*). Similar to Drosha, cofactors, such as 

Figure 1.1.     Schematic diagram of the canonical miRNA biosynthetic pathway.  Reproduced from

 Lawrie, C.H.  ( 2007 )  Br J Haematol  l 136  (6):503–512.   See color insert.
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TRBP and PACT (in humans), are necessary for Dicer activity ( Lee et al.   2006 ). The
miRNA : miRNA* duplex is, in turn, loaded into the miRISC complex in which Argonaut 
(Ago) proteins are the key effector molecules. The strand that becomes the active mature 
miRNA appears to be dependent upon which has the lowest free energy 5 ′  end and is
retained by the miRISC complex, while the passenger strand is generally believed to be 
degraded by an unknown nuclease ( Khvorova et al.   2003 ;  Schwarz et al.   2003 ). It should 
be noted, however, that many miRNA passenger strands are also capable of silencing target 
transcripts and probably play a more important biological role than was previously realized 
( Okamura et al.   2008 ;  Ghildiyal et al.   2010 ).

The loaded miRISC is guided by the mature miRNA sequence (19–24 nucleotide) to 
complementary sequences located primarily within the 3 ′-UTR of the target gene mRNA, 
although binding sites have additionally been identifi ed in both 5 ′ -UTR ( Lytle et al.   2007 )
and coding regions of genes ( Tay et al.   2008 ). In contrast to plant miRNAs that contain 
extensive regions of complementarity with their target genes, animal miRNAs are only 
partially complementary and have a propensity to recognize targets via 6–8 nt “seed” 
sequences, usually located at nt position 2–8 of the 5 ′-end of the miRNA ( Bartel   2009 ), 
although sometimes also in the center of the miRNA sequence ( Shin et al.   2010 ). There
are rare examples of animal miRNAs (e.g.,  miR-196 and  6 HOXB8   ) that do share near-
perfect complementarity, resulting in direct cleavage of the mRNA ( Yekta et al.   2004 ).

While the vast majority of animal miRNAs are generated by the canonical miRNA 
biosynthetic pathway described above ( Ghildiyal and Zamore   2009 ) (Figure  1.1 ), alterna-
tive Drosha-independent and Dicer-independent pathways do exist (for detailed review,
see  Yang and Lai   2011 ). For example, mirtrons are short RNA duplexes derived from the
splice acceptor and donor sites of introns ( Okamura et al.   2007 ). Splicing occurs indepen-
dently of Drosha cleavage, and mirtrons can enter the canonical pathway via Exp-5 export 
and can regulate typical seed-matching targets. While mirtrons appear to be prevalent in 
both  D. melanogaster  and r C. elegans  genomes ( Chung et al.   2011 ), they are little studied
in vertebrates, although drosha  and dgcr8 murine knockouts maintain expression of 
mirtrons, suggesting that a similar mechanism does exist in mammals ( Berezikov et al.  
 2007 ;  Chan and Slack   2007 ;  Babiarz et al.   2011 ;  Ladewig et al.   2012 ). In addition, func-
tional miRNAs can also be derived from larger ncRNA molecules, such as snoRNAs and 
tRNAs ( Babiarz et al.   2008 ), and tRNaseZ ( Bogerd et al.   2010 ), in a Drosha-independent 
Dicer-dependent manner. In contrast,  miR-451  is processed independently of Dicer but 
requires Drosha activity ( Cheloufi  et al.   2010 ;  Cifuentes et al.   2010 ).

  A.    miRNA  Nomenclature: What ’ s in a Name? 

 The need for a rationalized system of nomenclature for miRNAs was realized soon after 
their discovery ( Ambros et al.   2003 ). While the fi rst miRNAs were named on the basis of 
position or function (i.e., let-7 is “7 lethal phenotype-7” and 77 lin-4 represents a previously 
defi ned  C. elegans  genetic locus), it became apparent that such an approach would quickly 
become unmanageable. Novel miRNA sequences are therefore assigned a number that 
refl ects the order of their discovery by the central miRNA database, miRBase ( http://
www.mirbase.org/ ) ( Griffi ths-Jones et al.   2006 ). Closely related miRNA sequences are 
followed by a letter (e.g., miR-34a, miR-34b, and  miR-34c [ miR-34 was the 34th discov-
ered miRNA]). The same sequence may be encoded at multiple genomic locations, 
in which case a further suffi x is added (e.g., hsa-mir-16-1 is encoded at chromosome 13 
and hsa-mir-16-2  at chromosome 3). The fi rst prefi x in the earlier example indicates
species (e.g.,  hsa-  is Homo sapiens ) and is followed by either “ mir ” or “r miR ,” the former 
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indicating a pri-miRNA, pre-miRNA, or genomic locus, and the latter (with a capitalized
R), the mature miRNA sequence. Each pre-miRNA encodes for two possible mature
miRNA forms derived from either the 3′  or 5′  arm of the hairpin sequence (Figure  1.1 ).
Previously, these were designated the “miR” sequence, for the major mature product and
the “miR*” sequence, for the minor mature product (e.g., miR-155 and  miR-155* ). This
has recently been replaced in miRBase by the use of the -5p or -3p suffi x to refl ect their 
origin (e.g.,  miR-17-3p and  miR-17-5p). This change also acknowledges increasing evi-
dence that both strands can be functionally important ( Czech and Hannon   2011 ), and that 
the frequency of a particular form may differ between different cell types ( Griffi ths-Jones
et al.   2011 ).

III. MIRNA  FUNCTION: CONTROLLING  MRNA  STABILITY, 
DEGRADATION, AND/OR TRANSLATION

 Although repression of translation without mRNA degradation was originally believed to
be the  modus operandi of animal miRNAs, the situation appears to be more complex than 
previously thought, and there is now compelling evidence that miRNAs can also affect 
transcriptional levels through deadenylation, degradation, and/or destabilization of target 
mRNAs ( Giraldez et al.   2006 ). Indeed, it has been suggested that translational inhibition
has only a modest role to play in miRNA function, and that mRNA destabilization is 
the predominant mechanism used to inhibit target genes in mammals ( Guo et al.   2010 ).
MiRNAs appear capable of utilizing a wide range of methods to regulate gene expression; 
however, the relative contribution of each of these in mammalian cells remains unclear,
not least of all because most studies have been carried out in invertebrates. 

In perhaps the simplest mechanism, near-perfect pairing of miRNA and target gene
sequences, a common occurrence in plants ( Llave et al.   2002 ) but exceedingly rare in
animals ( Yekta et al.   2004 ), allows Ago-mediated endonucleotic cleavage of the target 
mRNA to take place (Figure  1.2 A). More commonly in animals, miRNA binding results
in destabilization of the target mRNA via recruitment of deadenylation factors, making 
the mRNA more susceptible to degradation (Figure  1.2 B). Deadenylation is mediated by
GW182 proteins that form part of the miRISC complex. The carboxy-terminus of GW182 
interacts with  poly(A)-binding protein  ( PABP ) and recruits CCR4 and CAF1 deadenylases
( Wu et al.   2006 ;  Huntzinger and Izaurralde   2011 ). 

How translational repression in the absence of mRNA degradation operates remains
controversial, and several mechanisms have been proposed. There is evidence for inhibi-
tion of translation occurring at the stage of initiation via repression of  eukaryotic initiation 
factors  ( eIF ) ( Humphreys et al.   2005 ) (Figure  1.2 C). Alternatively, other studies demon-
strate that miRNAs can inhibit translation after initiation during elongation of the nascent 
peptide ( Olsen and Ambros   1999 ) (Figure  1.2 D). It has also been suggested that miRNA-
bound mRNA can be sequestered away from the translational machinery in P-bodies that 
additionally act in concert with enzymes to remove the 5′  cap, hence preventing translation
( Liu et al.   2005 ;  Sen and Blau   2005 ) (Figure  1.2 E), or may prevent recognition of the 5 ′
cap by translation factors ( Pillai et al.   2005 ).

In addition to negative regulation, miRNAs are also able to function as translational
activators of some genes ( Vasudevan et al.   2007 ) (Figure  1.2 F). To complicate matters
further, miRNAs can also possess decoy activity that interferes with the function of regula-
tory proteins. For example, miR-328  can bind directly to hnERP E2, preventing its interac-
tion with CEBP  mRNA and therefore function ( Eiring et al.   2010 ).
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  IV.       REGULATING THE REGULATORS: MIRNA  CONTROL AND
DYSFUNCTION IN DISEASE

 Under physiological conditions the range of mechanisms available to the cell to control
miRNA expression and function are every bit as varied as those involved in regulating
protein-encoding genes, and can occur at the level of miRNA expression or posttranscrip-
tionally via modulation of miRNA processing or miRNA function. As with protein-
encoding genes, dysfunction of these regulatory mechanisms is often associated with 
disease, as are genetic alterations that result in dysregulated expression of miRNA-
associated regions. 

  A.   Genetic Dysregulation of  miRNA  Expression 

 Changes to the genetic structure of miRNA-associated regions have been linked with many
different pathologies, most notably cancer. Such chromosomal aberrations include ampli-
fi cations (e.g.,  miR-26a  in glioma [ Huse et al.   2009 ] [Figure  1.3 A]), deletions (e.g., miR-
15a/16-1  in  chronic lymphocytic leukemia  [ CLL ] [ Calin et al.   2002 ] [Figure  1.3 B]),
mutations (e.g.,  miR-125a in breast cancer [ Li et al.   2009 ] [Figure  1.3 C]), translocations 

Figure 1.2. Schematic diagram of proposed mechanisms for miRNA function. (A) Ago-mediated 

cleavage of mRNA can occur when the miRNA sequence is complementary to the target gene-

binding site. (B) Removal of poly(A) tail by deadenylases causes destabilization and degradation 

of mRNA. (C) Translation initiation inhibited by miRISC interactions with eukaryotic translation

initiation factors (eIFs). (D) Inhibition of translation postinitiation. (E) Sequestration of mRNA in 

P-bodies. (F) miRNA-mediated translational activation.  See color insert.  
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(e.g., miR-125b  in leukemia [ Bousquet et al.   2008 ] [Figure  1.3 D]), single nucleotide
polymorphisms (e.g., miR-608 in lung cancer [ Lin et al.   2012 ]), and loss of heterozygosity 
(e.g., 14q32 cluster in  acute lymphoblastic leukemia  [ ALL ] [ Agueli et al.   2010 ]). These 
alterations can occur not only in the sequence of the mature miRNA itself, but also in the
promoter region/pri-miRNA sequence ( Calin et al.   2002, 2005 ) or at the miRNA-binding 
sites of target genes ( Abelson et al.   2005 ), and can occur somatically or hereditarily. 

    B.   Epigenetic Regulation

 In addition to genetic alterations, aberrant miRNA expression can also result from epi-
genetic mechanisms, such as DNA methylation and histone modifi cation (Figure  1.3 E). 
While the importance of these mechanisms in disease is now apparent, the role of epigen-
etic regulation of miRNA expression under physiological conditions is at present much 
less clear. 

DNA methylation occurs primarily at cytosine residues (changing it to 5-methylcytosine)
that form part of the CpG dinucleotide motif, which is most commonly found at the proxi-
mal end of the promoter region of genes. Under physiological conditions, most genes are 
unmethylated; however, in tumor cells, the majority of genes are hypermethylated leading
to aberrant silencing of multiple tumor suppressor genes ( Esteller   2008 ). As with protein-
encoding genes, approximately half of miRNA genes are associated with CpG islands
( Weber et al.   2007 ). It has been shown that malignancy-associated changes in the methyla-
tion status of miRNAs can specifi cally regulate the expression of genes directly implicated
in tumorigenesis ( Bueno et al.   2008 ;  Agirre et al.   2009 ). To complicate matters further,
miRNAs can themselves regulate the expression of important components of the epigen-
etic machinery, including DNA methyltransferases ( Benetti et al.   2008 ) and histone deacet-
ylases ( Roccaro et al.   2010 ).

Figure 1.3.     The various genetic and epigenetic alterations that can result in aberrant expression

of miRNAs. (A) Amplifi cation of miRNA-encoding regions. (B) Deletion of miRNA-encoding

regions. (C) Mutations in the miRNA sequence (including SNPs). (D) Translocation occurring 

between distal, usually gene promoter regions, and miRNA-encoding regions. (E) Epigenetic 

mechanisms, such as histone modifi cation and methylation of promoter regions of miRNAs, can 

silence miRNA expression.  See color insert.  
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Epigenetic gene silencing can also occur via histone modifi cation. The amino acids 
of histone proteins (particularly their N-terminal “tails”) can be posttranslationally modi-
fi ed in a number of ways that can repress transcriptional activity, including an increase in 
closed chromatin marks, such as trimethylation of 3mK9H3 and 3mK27H3, and a decrease
in marks of open chromatin, for example, acetylation of AcH3 and AcH4 or trimethylation 
of 3mK4H3. The importance of histone regulation for miRNA expression is implied by
the fact that histone modulators, such as HDAC-inhibitors, fundamentally alter the miRNA 
profi le of treated cells ( Scott et al.   2006 ;  Barski et al.   2009 ). Indeed, the use of epigenetic 
drugs, such as DNA-demethylating agents (e.g., 5-aza-2 ’ -deoxycytidine and zebularine)
and histone deacetylase inhibitors (e.g., trichostatin A), may be of potential therapeutic
use in reexpressing epigenetically silenced miRNAs, such as miR-124a, which is associ-
ated with poor prognosis in acute lymphoblastic leukemia (ALL) ( Agirre et al.   2009 ). For 
a much more detailed description of the role of epigenetic regulation of miRNAs in cancer, 
the reader is directed to Chapter  22 .  

  C.   Transcription Factors and  miRNA  Regulatory Networks 

 Like protein-encoding genes, a myriad of  transcription factor s ( TF s) can infl uence miRNA 
expression levels, and this form of regulation appears to be particularly important in con-
trolling tissue specifi city and developmental stage. The promoter regions of autonomously
expressed miRNA genes are very similar to that of protein-encoding genes and can contain 
initiation and response elements, TATA boxes, and CpG islands, and so on ( Corcoran 
et al.   2009 ). TFs can regulate miRNA expression by direct binding to promoter regions 
either positively (e.g., p53 stimulates  miR-34  expression [ Christoffersen et al.   2010 ]) or 
negatively (e.g., ER α inhibits  miR-221 and miR-222  expression [ Di Leva et al.   2010 ]), or 
even both positively and negatively. MYC, for example, an important oncogene, 
up-regulates the miR-17 ∼92∼ cluster ( O ’ Donnell et al.   2005 ), but can also down-regulate 
miR-15a/16-1  ( Chang et al.   2008 ) (Figure  1.4 A).

  In addition to direct control of miRNA expression, TFs are commonly involved in 
regulatory feedforward and feedback loops, whereby miRNAs autoregulate their expres-
sion in a negative (type I) or positive (type II) manner ( Tsang et al.   2007 ). For example, 
miR-27a  inhibits expression of  RUNX1   , which, in turn, stimulates expression of miR-27a
in a simple unilateral negative feedback loop ( Ben-Ami et al.   2009 ) (Figure  1.4 B).  miR-
15a  and  MYB operate in a similar manner in hematopoietic cells ( Zhao et al.   2009 ). 
Alternatively, a reciprocal-negative (positive) feedback loop can exist when the TF inhibits 
the miRNA, which, in turn, inhibits the TF. This, for example, is the relationship between 
HBL1  and let-7 ( Roush and Slack   2009 ), and  7 ZEB1   and miR-200 ( Bracken et al.   2008 ) 
(Figure  1.4 C). 

Further levels of control can be achieved by adding extra components to the loops. 
In its simplest form, this results in a double-negative (or positive) loop, such as what occurs
in the establishment of left-right asymmetry for the ASE chemosensory neurons of  C. 
elegans . In this system, COG-1 inhibits the left ASE while stimulating expression of  miR-
273  in the right ASE, which, in turn, inhibits  DIE-1 that up-regulates lys-6 expression 
promoting the left ASE-specifi c pathway. In the left, ASE  COG-1  is blocked by lys-6
( Johnston et al.   2005 ). 

In reality, such loops represent the basic network motifs that make up much 
more complicated TF/miRNA regulatory networks that are a common feature of mam-
malian cell physiology ( Shalgi et al.   2007 ;  Tsang et al.   2007 ). These networks allow for 
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acceleration of transcriptional response times and dampening of fl uctuating protein/
miRNA levels within the cellular environment ( Becskei and Serrano   2000 ;  Rosenfeld
et al.   2002 ).

In addition to employing TFs to regulate miRNA expression, it has recently been
shown that miRNAs can autoregulate their own expression.  Let-7 bound to miRISC was 7
found to directly bind and regulate its own primary transcript in a feedforward loop 
( Zisoulis et al.   2012 ).

  D.   Regulating  miRNA  Synthesis and Processing 

 The importance of correct functioning of the miRNA biosynthetic canonical pathway to
mammalian biology is implied by the severity of phenotypes obtained when components 
of this pathway are deleted. Indeed, when the fi rst mouse models were created using 
constitutive deletion of  Dicer   ( Bernstein et al.   2003 ), r DGCR8  ( Wang et al.   2007 ),  Drosha 
( Fukuda et al.   2007 ), or Ago2 ( Morita et al.   2007 ), all resulting progeny were nonviable 
and died during early gestation with severe developmental defects. Needless to say sub-
sequent studies utilized Cre-inducible conditional knockout mice in a more targeted 
approach. For example, targeted deletion of Dicer activity in astroglial cells ( Tao et al.  r
 2011 ) or oligodendrocytes ( Shin et al.   2009 ) resulted in severe neuronal dysfunction. When
Dicer was deleted specifi cally in the myogenic compartment this caused severe disruption r
to early skeletal muscle development ( O ’ Rourke et al.   2007 ), while when deleted in the

Figure 1.4.     Examples of simple regulatory loop motifs involving miRNAs and transcription

factors (TFs). (A) TFs can bind directly to the promoter region of miRNAs, either up-regulating

or down-regulating expression, or a single TF (e.g., MYC) can up-regulate expression of one

miRNA but down-regulate another. (B) When the TF that regulates the miRNA is itself regulated 

by that miRNA, a simple loop motif results. Up-regulation of the miRNA by the TF decreases its

own expression in a unilateral negative feedback loop. (C) When the TF down-regulates the

miRNA, this can increase TF expression in a reciprocal (positive) feedback loop.  See color insert.  
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female reproductive tract resulted in a loss of fertility and adenomyosis ( Gonzalez and
Behringer   2009 ). Further studies have demonstrated the essential nature of Dicer to the
development of the heart ( da Costa Martins et al.   2008 ) and the lung ( Harris et al.   2006 ).
In a similar manner, conditional knockouts of DGCR8 in vascular smooth muscle cells 
resulted in severe liver hemorrhage ( Chen et al.   2012 ), while deletion in cardiac neural
crest cells lead to severe cardiac malformations ( Chapnik et al.   2012 ). Interestingly, when
Dicer  was conditionally mutated in the lung tissue of K-ras mice, this resulted in anr
enhancement of lung tumor development ( Kumar et al.   2007 ).

The levels and activities of the components of the miRNA biosynthetic pathway are
subject to careful regulation. For example, Drosha is stabilized by its co-factor DGCR8, 
and conversely  DGCR8    mRNA levels are controlled by Drosha-mediated degradation
( Han et al.   2009 ). Similarly, a decrease in levels of co-factor TRBP can destabilize Dicer 
( Chendrimada et al.   2005 ). In addition, a multitude of factors interacting with Drosha, 
Dicer or miRNA precursors can control the kinetics of miRNA biogenesis. For example, 
LIN-28  can bind to the terminal loop of  pri-let-7  , interfering with Drosha cleavage and7
also Dicer processing ( Viswanathan and Daley   2010 ). In contrast, SF2/ASF promotes
cleavage of  pri-let-7   by Drosha ( Winter et al.   2009 ).7

Defects in the functioning of the miRNA biosynthetic pathway have frequently been 
associated with disease and cancer in particular. For example, low levels of Dicer and/or 
Drosha have been linked with poor clinical outcome for patients with ovarian cancer 
( Merritt et al.   2008 ), nasopharyngeal cancer ( Guo et al.   2012 ), neuroblastoma ( Lin et al.  
 2010 ), breast cancer ( Khoshnaw et al.   2012 ), and lung cancer ( Karube et al.   2005 ). In 
contrast, high levels of Dicer and/or Drosha have been associated with poor prognosis for 
esophageal cancer ( Sugito et al.   2006 ), colorectal carcinoma ( Faber et al.   2011 ), and
prostate cancer ( Chiosea et al.   2006 ). Whether these apparently contradictory fi ndings
represent true biological differences between the cancer types or are artifactual remains 
to be determined. Nevertheless, such studies underline the fundamental importance of the 
global miRNA machinery to both physiological and pathological processes, and suggest 
intriguing therapeutic possibilities based upon restoration or inhibition of components of 
this pathway.

  E.   Control of  miRNA  Function

 The miRNA pathway downstream of synthesis of the mature miRNA is also subject to 
extensive regulation. For example, members of the TRIM-NHL family of proteins can 
regulate the ability of miRISC to repress target gene expression by directly associating
with Ago proteins. TRIM71 can ubiquitinate Ago proteins, targeting them for proteasome-
mediated degradation, which, in turn, regulates miRNA stability and decreases miRNA-
mediated repression ( Chatterjee and Grosshans   2009 ;  Rybak et al.   2009 ). Mei-26 has also 
been demonstrated to repress miRISC function, although the exact mechanism involved 
is currently unclear ( Neumuller et al.   2008 ). In contrast, NHL2 and TRIM32 can positively
regulate miRISC function ( Hammell et al.   2009 ;  Schwamborn et al.   2009 ). 

RBP s ( RNA-binding protein s), such as HuR and Deadend1 (DND1), can bind target 
mRNA and therefore interfere with miRNA functioning. For example, HuR binding to 
the mRNA of  CAT1 can inhibit repression of this gene by  miR-122  ( Bhattacharyya et al.
 2006 ). In contrast, HuR binding to the 3′-UTR of  MYC    is necessary for C let-7-mediated 77
repression ( Kim et al.   2009 ). HuR mediated control of miRNA repression may be a 
widespread phenomena, as 75% of 3 ′-UTRs with miRNA-binding sites also contain 
binding sites for HuR ( Mukherjee et al.   2011 ). DND1 can also bind in the vicinity of 
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miRNA-binding sites apparently functioning by reducing the accessibility of the mRNA 
to miRISC ( Kedde et al.   2007 ). DND1  , in turn, can be regulated by miR-24 -mediated
inhibition ( Liu et al.   2010 ). 

Besides the regulatory mechanisms described earlier, other levels of control of miRNA 
function exist. For example, control of intracellular compartmentalization occurs when 
miRISC-bound mRNA is sequestered in P-bodies and stress granules ( Liu et al.   2005 ).
Regulation of the kinetics of miRNA decay have also been observed ( Hwang et al.   2007 ).

  V.       PRESENT AND FUTURE PERSPECTIVES FOR  MIRNAS  IN MEDICINE

 The aim of the following section is to cover some of the current controversies in the
miRNA fi eld and how they are being addressed, and additionally speculate about future
developments for miRNAs, in particular their potential usefulness to medicine. 

  A.   Deciphering the  miRNA  Targetome: Understanding the Functional 
Consequences of  miRNA  Dysregulation in Disease 

 The fi rst indication that miRNA dysfunction was directly associated with disease origi-
nated from the laboratory of Carlo Croce in 2002, whose seminal publication by Calin 
et al., made the connection between 13q14, a frequently deleted locus in CLL, and down-
regulation of the mir-15a/16-1 cluster that is encoded within this region ( Calin et al.   2002 ) 
(see Chapter  23  for more details). The same group later highlighted the potential impor-
tance of miRNAs in cancer, with the somewhat surprising fi nding that the majority of 
human miRNAs are in fact located at cancer-associated genomic regions ( Calin et al.
 2004 ). There is now overwhelming evidence that dysfunctional expression of miRNAs is
a major contributor to the pathogenesis of most, if not all, human malignancies ( Croce
 2009 ;  Iorio and Croce   2012 ). Besides cancer, evidence is rapidly accumulating that the
dysregulation of miRNAs is fundamental to the pathogenesis of many non-neoplastic
diseases as well, including infectious diseases, autoimmune conditions, cardiovascular,
neuropathologies, hereditary, and infl ammatory diseases, many of which are discussed in 
detail in subsequent chapters of this book. 

However, while great effort has been put into identifying and cataloging aberrantly
expressed miRNAs in disease, very little is known about the functional consequences of this 
dysregulation, and understanding the biological function of identifi ed miRNAs is perhaps 
the biggest challenge facing the miRNA fi eld at the moment. The primary reason for this is
a paucity of knowledge about which genes are actually targeted by individual miRNAs and
which of these genes are functionally important in specifi c cellular settings.

With very few functionally annotated exceptions, current approaches to this problem
primarily rely upon the use of the many predictive computational algorithms available
( Krek et al.   2005 ;  Lewis et al.   2005 ;  Miranda et al.   2006 ;  Grimson et al.   2007 ;  Kertesz
et al.   2007 ). However, these algorithms typically predict hundreds or even thousands of 
target genes for each miRNA, and in reality perform very poorly. When the most widely 
used algorithms were tested against experimentally validated miRNA–target gene interac-
tions, sensitivity ranged from just 1.3% to 48.8% ( Sethupathy et al.   2006 ). Additionally, 
the degree of overlap between predictions (three algorithms) was found to range from 
3.6% to 28.6%, and surprisingly, no commonly predicted genes were identifi ed at all when 
the fi ve most commonly used algorithms were compared. Importantly, this study showed 
that even when all fi ve algorithms were used in union, only 72% of experimentally vali-
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dated miRNA–target gene interactions were predicted. For example, KRAS  and S HRAS
targeting by let-7 ( Johnson et al.   2005 ), or E2F2  and  MYC   targeting by miR-24 ( Lal et al.C
 2009 ) are not predicted targets of these algorithms. To compound matters further, the 
function of a particular miRNA is dependent upon cellular context. Indeed, the same 
miRNA can act as both tumor suppressor and oncogene depending upon the cell type. For 
example,  miR-222  is overexpressed in hepatocarcinoma, where it targets tumor suppressor 
PTEN  ( Garofalo et al.   2009 ), but is down-regulated in erythroblastic leukemias, where it N
targets the KIT oncogene ( Felli et al.   2005 ). T

Consequently, much effort has been expended to resolve this issue. Particularly 
hopeful is the development of techniques to directly measure the miRNA : target gene 
interface, the so-called targetome, in cells under physiologically relevant conditions. A 
strategy that has frequently been employed to this end, is the use of gene expression arrays
to elucidate which genes change in response to permutations of individual microRNAs
( Lim et al.   2005 ;  Johnson et al.   2007 ). A similar approach has been used to measure dif-
ferences in protein levels using state-of-the-art proteomic techniques, such as  stable isotope 
labeling by amino acids in culture  ( SILAC ) ( Yang et al.   2010 ;  Kaller et al.   2011 ). A major 
drawback of these techniques, however, is their inability to distinguish between direct and
indirect targets of miRNAs. 

A more promising tactic is the use of  immunoprecipitation  ( IP )-based techniques that 
allow for recovery of RNA that is directly bound to miRISC using antibodies against Ago 
proteins ( Karginov et al.   2007 ). However, in the fi rst incarnations of this approach, only 
the mRNA fraction could be recovered, making subsequent target gene identifi cation dif-
fi cult. Development of the HITS-CLIP technique overcame this problem by adding a UV 
cross-linking step to the IP procedure so that the miRNA fraction is also retained ( Chi 
et al.   2009 ). Additionally, RNAse degradation of non-miRISC bound RNA, as well as the 
use of next generation sequencing to elucidate the recovered miRNA:target mRNA popula-
tion, helped to increase the specifi city of this approach. Further refi nement has been
obtained with the PAR-CLIP technique that utilizes incorporation of photoreactive ribo-
nucleoside analogues, such as 4-thiouridine or 6-thioguanosine, into living cells, and 
allows direct identifi cation of miRISC-bound miRNA : mRNA by mapping characteristic 
T-to-C mutations (Hafner et al. 2010). There are still limitations to this approach, however, 
as it does not address whether or not changes to protein levels occur, and because a target 
gene is bound to miRISC does not necessarily mean it is regulated. In addition, the choice 
of a particular antibody can greatly infl uence the results obtained. When IP experiments 
were compared using either Ago1 or Ago2 antibodies, there was only a partial overlap in
the resultant targetome profi les ( Karginov et al.   2007 ).

Nevertheless, techniques such as PAR-CLIP can provide a potential means to decipher 
the targetome of cells under physiologically relevant conditions and hence determine the 
true sphere of infl uence of dysregulated miRNAs in disease. However, these experiments 
are currently diffi cult and expensive to perform and consequently remain little used out-
side of specialist laboratories. In order to progress the miRNA fi eld beyond the “stamp-
collecting” phase and truly understand the function of these molecules in disease, we must 
apply such techniques in a much more concerted and systematic manner similar to that 
currently employed by the genomic, transcriptomic, and epigenomic fi elds.

  B.   Tip of the Non-Coding  RNA  Iceberg

 One of the major shocks that arose from completion of the human genome project was 
that there are far fewer protein-encoding genes (∼ 20,000) than was fi rst envisaged ( Schmutz
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et al.   2004 ). Indeed, although  ∼75% of the human genome is transcribed ( Djebali et al.  
 2012 ), the protein-encoding portion of the genome only accounts for 1.5% ( Alexander 
et al.   2010 ). Despite the level of excitement generated in the scientifi c/medical world, it 
is worth remembering that miRNAs only represent a small proportion of the so-called dark 
matter of the genome, the non-coding transcriptome ( Yamada et al.   2003 ). The most recent 
data from the  Encyclopedia of DNA Elements  ( ENCODE ) project annotated 1756 miRNAs 
in the human genome, representing just 1.8% of the transcriptional output ( Djebali et al.  
 2012 ). So what about the other  > 95% of the transcriptome? While we cannot expect all
of the remaining ncRNA to be functional, particularly because transcripts are present at 
very low levels and permissive transcription appears to be a common feature in eukaryotes 
( Ebisuya et al.   2008 ), there is emerging evidence that ncRNA other than miRNA is essen-
tial for both physiological function and development, as well as playing a fundamental
role in disease ( Mercer et al.   2009 ;  Esteller   2011 ). Although relative to miRNAs, the study 
of other ncRNA molecules is very much in its infancy, many classes of ncRNAs are now 
recognized, including short ncRNAs, such as miRNAs, piRNAs, and tiRNAs; mid-size 
ncRNAs, such as snoRNAs, PASRs, TSSa-RNAs, and PROMPTs; and  long ncRNA s
( lncRNA s) ( Esteller   2011 ;  Harries   2012 ). For a much more detailed description of ncRNAs,
and in particular lncRNAs and their role in cancer, please see Chapter  15 . 

The current emphasis of this fi eld is on understanding the contribution and function
of ncRNA to disease. In terms of this fi rst goal, the development of next-generation
sequencing technology and large concerted efforts, such as the ENCODE project, have 
made great strides over the last couple of years that will surely only accelerate in the 
future. In parallel, many of the approaches and techniques developed by the miRNA fi eld
are applicable to other classes of ncRNA and in all probability will uncover new insights 
concerning disease in the next couple of years. 

  C.   Are  miRNAs  Clinically Useful Molecules? 

 While there is now overwhelming evidence that miRNAs play a fundamental role in the
pathogenesis of many, if not all, diseases, the obvious question remains: What practical 
use are miRNAs likely to have for future clinical practice? MiRNAs show perhaps their 
greatest, and certainly most immediate potential, as novel biomarkers of diagnosis and 
prognosis, and as predictors of treatment response. MiRNA expression profi ling can dis-
tinguish cancers according to diagnosis and developmental stage of the tumor to a greater 
degree of accuracy than traditional gene expression analysis ( Lu et al.   2005 ). The use of 
miRNAs as novel classifi ers of disease is extensively discussed within the chapters of this 
book. A particularly attractive characteristic of miRNAs in this regard is their stability to 
chemical and enzymatic degradation. This means they can be purifi ed and robustly mea-
sured from routinely prepared  formalin-fi xed paraffi n embedded  ( FFPE ) biopsy material
( Lawrie et al.   2007 ). Consequently, miRNA expression studies can be carried out (albeit 
retrospectively) on the vast resources of the world ’ s pathology departments in a way that 
is simply not feasible for traditional gene expression studies, and miRNA expression 
studies have now been carried out for all except the rarest of pathologies. 

A further manifestation of the stability of miRNAs, as well as their potential clinical
usefulness, is their presence in extracellular biological fl uids including blood. Tumor-
associated miRNAs have been found at higher levels in sera and plasma of cancer patients 
than healthy controls ( Lawrie et al.   2008 ). Subsequently, there has been a great deal of 
interest in the use of miRNAs as non-invasive biomarkers of disease, and miRNAs 
have now been detected in many biological fl uids, including plasma, serum, tears, urine,
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cerebral spinal fl uid, breast milk, and saliva ( Weber et al.   2010 ). This has particular clinical
potential for cancer, where typically the diagnostic gold standards are invasive biopsy 
procedures that are expensive, uncomfortable, and sometimes risky for patients. Further-
more, a reliable blood test for cancer could pave the way for screening programs, leading 
to better detection rates and helping to increase cancer prevention. Further discussion on 
the use of miRNAs as noninvasive biomarkers can be found in Chapter  35 . 

Remarkably, it has even been suggested that exogenous miRNAs can be acquired 
in the blood as a result of the food that we eat ( Zhang et al.   2012 ). Furthermore, these 
food-derived plant-specifi c miRNAs were demonstrated to be functional in human cells. 
This leads to the intriguing possibility that therapeutic miRNAs could be administered
by incorporating them in food directly, or even that  GM  ( genetically modifi ed ) crops 
could be engineered to express miRNAs (or antimiRs) with, for example, anti-cancer 
properties. 

Of course, perhaps the most promising clinical aspect of miRNAs is their potential 
as novel therapeutic molecules, either as a tool to modulate target genes associated with
disease or by correcting dysfunctional expression of the miRNAs themselves. The former 
approach is particularly attractive in that a single agent (i.e., a miRNA) can be used against 
multiple targets in a disease pathway or even against the whole pathway ( Bui and Mendell
 2010 ). There are two major strategies to therapeutically modulate dysregulated miRNAs 
in disease: using miRNA mimics to restore physiological levels of miRNAs that are down-
regulated (e.g., tumor suppressor miRNAs, such as let-7 or  7 miR-34), or the use of miRNA 
inhibitors targeted against overexpressed miRNAs (e.g., oncomirs, such as miR-21  or 
miR-155 ). There is now a wealth of in vivo  animal experiments that have established the
proof-of-principle for the therapeutic effi cacy of miRNAs in disease; however, at present, 
all bar a couple of these studies are still at the preclinical stage. The major hurdles to be 
overcome in order to translate these results into the clinic include the effective targeting 
of therapy (e.g., tissue-specifi c delivery, dosage, and pharmacodynamics) and safety con-
cerns (e.g., off-target effects, RNA-mediated immunostimulation, and the use of viral
vectors). That said, this is an area very much still in its infancy that is almost certain to 
fl ourish in the near future as the fi eld matures, and promises to add to the current arsenal 
of therapies available to the clinician in the continual fi ght against disease. The use of 
miRNAs as therapeutics are covered in greater detail in Chapters  38 – 40  of this book. 

In summary, although it is clear that the functional importance of microRNAs in 
medicine is gaining momentum rapidly, it is equally obvious that we still have much to
learn from these tiny molecules. To answer the question, “Are miRNAs really clinically 
useful molecules?,” readers are encouraged to explore further chapters of this book, which 
includes contributions from many of the most respected pioneers and experts in the miRNA 
fi eld, and make up their own mind.

  REFERENCES

    Abelson ,  J.F.   ,    K.Y.   Kwan   ,    B.J.   O ’ Roak   ,    D.Y.   Baek   ,    A.A.   Stillman   ,    T.M.   Morgan   ,    C.A.   Mathews   , 
D.L.   Pauls   ,    M.R.   Rasin   ,    M.   Gunel   ,    N.R.   Davis   ,    A.G.   Ercan-Sencicek   , et al.   2005 .  Sequence
variants in SLITRK1 are associated with Tourette ’ s syndrome .  Science  310 : 317 – 320 .

    Agirre ,  X.   ,    A.   Vilas-Zornoza   ,    A.   Jimenez-Velasco   ,    J.I.   Martin-Subero   ,    L.   Cordeu   ,    L.   Garate   ,    E.   San
Jose-Eneriz   ,    G.   Abizanda   ,    P.   Rodriguez-Otero   ,    P.   Fortes   ,    J.   Rifon   ,    E.   Bandres   , et al.   2009 .  Epi-
genetic silencing of the tumor suppressor microRNA Hsa-miR-124a regulates CDK6 expression 
and confers a poor prognosis in acute lymphoblastic leukemia .  Cancer Res  69: 4443 – 4453 .  



16 MICRORNAS: A BRIEF INTRODUCTION

    Agueli ,  C.   ,    G.   Cammarata   ,    D.   Salemi   ,    L.   Dagnino   ,    R.   Nicoletti   ,    M.   La Rosa   ,    F.   Messana   ,    A.   Marfi a   , 
M.G.   Bica   ,    M.L.   Coniglio   ,    M.   Pagano   ,    F.   Fabbiano   , et al.   2010 .  14q32/miRNA clusters loss of 
heterozygosity in acute lymphoblastic leukemia is associated with up-regulation of BCL11a . Am
J Hematoll 85: 575 – 578 .  

    Alexander ,  R.P.   ,    G.   Fang   ,    J.   Rozowsky   ,    M.   Snyder   , and    M.B.   Gerstein   .   2010 .  Annotating non-coding
regions of the genome .  Nat Rev Genet  t 11: 559 – 571 .  

    Altuvia ,  Y.   ,    P.   Landgraf   ,    G.   Lithwick   ,    N.   Elefant   ,    S.   Pfeffer   ,    A.   Aravin   ,    M.J.   Brownstein   ,    T.   Tuschl   ,
and    H.   Margalit   .   2005 .  Clustering and conservation patterns of human microRNAs . Nucleic Acids 
Res 33 : 2697 – 2706 .

    Ambros ,  V.   ,    B.   Bartel   ,    D.P.   Bartel   ,    C.B.   Burge   ,    J.C.   Carrington   ,    X.   Chen   ,    G.   Dreyfuss   ,    S.R.   Eddy   , 
   S.   Griffi ths-Jones   ,    M.   Marshall   ,    M.   Matzke   ,    G.   Ruvkun   , et al.   2003 .  A uniform system for 
microRNA annotation .  RNA 9: 277 – 279 .  

    Babiarz ,  J.E.   ,    R.   Hsu   ,    C.   Melton   ,    M.   Thomas   ,    E.M.   Ullian   , and    R.   Blelloch   .   2011 .  A role for non-
canonical microRNAs in the mammalian brain revealed by phenotypic differences in Dgcr8
versus Dicer1 knockouts and small RNA sequencing .  RNA  17 : 1489 – 1501 .

    Babiarz ,  J.E.   ,    J.G.   Ruby   ,    Y.   Wang   ,    D.P.   Bartel   , and    R.   Blelloch   .   2008 .  Mouse ES cells express
endogenous shRNAs, siRNAs, and other Microprocessor-independent, Dicer-dependent small
RNAs . Genes Dev 22 : 2773 – 2785 .

    Barski ,  A.   ,    R.   Jothi   ,    S.   Cuddapah   ,    K.   Cui   ,    T.Y.   Roh   ,    D.E.   Schones   , and    K.   Zhao   .   2009 .  Chromatin 
poises miRNA- and protein-coding genes for expression . Genome Res 19 : 1742 – 1751 .

    Bartel ,  D.P.      2009 .  MicroRNAs: target recognition and regulatory functions . Celll 136: 215 – 233 .  

    Becskei ,  A.    and    L.   Serrano   .   2000 .  Engineering stability in gene networks by autoregulation . Nature
405: 590 – 593 .  

    Ben-Ami ,  O.   ,    N.   Pencovich   ,    J.   Lotem   ,    D.   Levanon   , and    Y.   Groner   .   2009 .  A regulatory interplay 
between miR-27a and Runx1 during megakaryopoiesis . Proc Natl Acad Sci U S A 106 :
 238 – 243 .

    Benetti ,  R.   ,    S.   Gonzalo   ,    I.   Jaco   ,    P.   Munoz   ,    S.   Gonzalez   ,    S.   Schoeftner   ,    E.   Murchison   ,    T.   Andl   ,    T.  
 Chen   ,    P.   Klatt   ,    E.   Li   ,    M.   Serrano   , et al.   2008 .  A mammalian microRNA cluster controls DNA 
methylation and telomere recombination via Rbl2-dependent regulation of DNA methyltransfer-
ases . Nat Struct Mol Biol l 15: 268 – 279 .  

    Berezikov ,  E.   ,    W.J.   Chung   ,    J.   Willis   ,    E.   Cuppen   , and    E.C.   Lai   .   2007 .  Mammalian mirtron genes .
Mol Celll 28 : 328 – 336 .

    Bernstein ,  E.   ,    S.Y.   Kim   ,    M.A.   Carmell   ,    E.P.   Murchison   ,    H.   Alcorn   ,    M.Z.   Li   ,    A.A.   Mills   ,    S.J.   Elledge   , 
   K.V.   Anderson   , and    G.J.   Hannon   .   2003 .  Dicer is essential for mouse development .  Nat Genet  
35 : 215 – 217 .

    Bhattacharyya ,  S.N.   ,    R.   Habermacher   ,    U.   Martine   ,    E.I.   Closs   , and    W.   Filipowicz   .   2006 .  Relief 
of microRNA-mediated translational repression in human cells subjected to stress .  Celll 125 :
 1111 – 1124 .

    Bogerd ,  H.P.   ,    H.W.   Karnowski   ,    X.   Cai   ,    J.   Shin   ,    M.   Pohlers   , and    B.R.   Cullen   .   2010 .  A mammalian
herpesvirus uses noncanonical expression and processing mechanisms to generate viral Micro-
RNAs . Mol Cell l 37: 135 – 142 .  

    Borchert ,  G.M.   ,    W.   Lanier   , and    B.L.   Davidson   .   2006 .  RNA polymerase III transcribes human
microRNAs .  Nat Struct Mol Biol  l 13 : 1097 – 1101 .

    Bousquet ,  M.   ,    C.   Quelen   ,    R.   Rosati   ,    V.   Mansat-De Mas   ,    R.   La Starza   ,    C.   Bastard   ,    E.   Lippert   ,    P.
 Talmant   ,    M.   Lafage-Pochitaloff   ,    D.   Leroux   ,    C.   Gervais   ,    F.   Viguie   , et al.   2008 .  Myeloid cell dif-
ferentiation arrest by miR-125b-1 in myelodysplastic syndrome and acute myeloid leukemia with
the t(2;11)(p21;q23) translocation .  J Exp Med d 205 : 2499 – 2506 .

    Bracken ,  C.P.   ,    P.A.   Gregory   ,    N.   Kolesnikoff   ,    A.G.   Bert   ,    J.   Wang   ,    M.F.   Shannon   , and    G.J.   Goodall   .
  2008 .  A double-negative feedback loop between ZEB1-SIP1 and the microRNA-200 family
regulates epithelial-mesenchymal transition . Cancer Res 68: 7846 – 7854 .  



REFERENCES 17

    Bueno ,  M.J.   ,    I.   Perez de Castro   ,    M.   Gomez de Cedron   ,    J.   Santos   ,    G.A.   Calin   ,    J.C.   Cigudosa   ,    C.M.  
Croce   ,    J.   Fernandez-Piqueras   , and    M.   Malumbres   .   2008 .  Genetic and epigenetic silencing 
of microRNA-203 enhances ABL1 and BCR-ABL1 oncogene expression . Cancer Celll 13:
496 – 506 .  

    Bui ,  T.V.    and    J.T.   Mendell   .   2010 .  Myc: maestro of MicroRNAs . Genes Cancerr 1: 568 – 575 .  

    Calin ,  G.A.   ,    C.D.   Dumitru   ,    M.   Shimizu   ,    R.   Bichi   ,    S.   Zupo   ,    E.   Noch   ,    H.   Aldler   ,    S.   Rattan   ,    M.   Keating   ,
K.   Rai   ,    L.   Rassenti   ,    T.   Kipps   , et al.   2002 .  Frequent deletions and down-regulation of micro- RNA 
genes miR15 and miR16 at 13q14 in chronic lymphocytic leukemia . Proc Natl Acad Sci U S A
99: 15524 – 15529 .

    Calin ,  G.A.   ,    M.   Ferracin   ,    A.   Cimmino   ,    G.   Di Leva   ,    M.   Shimizu   ,    S.E.   Wojcik   ,    M.V.   Iorio   ,    R.  
Visone   ,    N.I.   Sever   ,    M.   Fabbri   ,    R.   Iuliano   ,    T.   Palumbo   , et al.   2005 .  A MicroRNA signature 
associated with prognosis and progression in chronic lymphocytic leukemia .  N Engl J Med 
353 : 1793 – 1801 .

    Calin ,  G.A.   ,    C.   Sevignani   ,    C.D.   Dumitru   ,    T.   Hyslop   ,    E.   Noch   ,    S.   Yendamuri   ,    M.   Shimizu   ,    S.
Rattan   ,    F.   Bullrich   ,    M.   Negrini   , and    C.M.   Croce   .   2004 .  Human microRNA genes are frequently 
located at fragile sites and genomic regions involved in cancers .  Proc Natl Acad Sci U S A 101:
2999 – 3004 .

    Chan ,  S.P.    and    F.J.   Slack   .   2007 .  And now introducing mammalian mirtrons .  Dev Cell  l 13 : 605 –
607 .  

    Chang ,  T.C.   ,    D.   Yu   ,    Y.S.   Lee   ,    E.A.   Wentzel   ,    D.E.   Arking   ,    K.M.   West   ,    C.V.   Dang   ,    A.   Thomas-
Tikhonenko   , and    J.T.   Mendell   .   2008 .  Widespread microRNA repression by Myc contributes to 
tumorigenesis . Nat Genet t 40: 43 – 50 .  

    Chapnik ,  E.   ,    V.   Sasson   ,    R.   Blelloch   , and    E.   Hornstein   .   2012 .  Dgcr8 controls neural crest cells sur-
vival in cardiovascular development . Dev Biol l 362: 50 – 56 .  

    Chatterjee ,  S.    and    H.   Grosshans   .   2009 .  Active turnover modulates mature microRNA activity in 
Caenorhabditis elegans. Nature 461: 546 – 549 .  

    Cheloufi  ,  S.   ,    C.O.   Dos Santos   ,    M.M.   Chong   , and    G.J.   Hannon   .   2010 .  A dicer-independent miRNA 
biogenesis pathway that requires Ago catalysis . Nature 465 : 584 – 589 .

    Chen ,  Z.   ,    J.   Wu   ,    C.   Yang   ,    P.   Fan   ,    L.   Balazs   ,    Y.   Jiao   ,    M.   Lu   ,    W.   Gu   ,    C.   Li   ,    L.M.   Pfeffer   ,    G.   Tigyi   ,
and    J.   Yue   .   2012 .  DiGeorge syndrome critical region 8 (DGCR8) protein-mediated microRNA 
biogenesis is essential for vascular smooth muscle cell development in mice .  J Biol Chem 
287: 19018 – 19028 .

    Chendrimada ,  T.P.   ,    R.I.   Gregory   ,    E.   Kumaraswamy   ,    J.   Norman   ,    N.   Cooch   ,    K.   Nishikura   , and    R.
Shiekhattar   .   2005 .  TRBP recruits the Dicer complex to Ago2 for microRNA processing and gene 
silencing . Nature 436 : 740 – 744 .

    Chi ,  S.W.   ,    J.B.   Zang   ,    A.   Mele   , and    R.B.   Darnell   .   2009 .  Argonaute HITS-CLIP decodes microRNA-
mRNA interaction maps . Nature 460 : 479 – 486 .

    Chiang ,  H.R.   ,    L.W.   Schoenfeld   ,    J.G.   Ruby   ,    V.C.   Auyeung   ,    N.   Spies   ,    D.   Baek   ,    W.K.  
Johnston   ,    C.   Russ   ,    S.   Luo   ,    J.E.   Babiarz   ,    R.   Blelloch   ,    G.P.   Schroth   , et al.   2010 .  Mammalian
microRNAs: experimental evaluation of novel and previously annotated genes . Genes Dev
24: 992 – 1009 .  

    Chiosea ,  S.   ,    E.   Jelezcova   ,    U.   Chandran   ,    M.   Acquafondata   ,    T.   McHale   ,    R.W.   Sobol   , and    R.   Dhir   . 
2006 .  Up-regulation of dicer, a component of the MicroRNA machinery, in prostate adenocarci-
noma . Am J Pathol l 169: 1812 – 1820 .  

    Christoffersen ,  N.R.   ,    R.   Shalgi   ,    L.B.   Frankel   ,    E.   Leucci   ,    M.   Lees   ,    M.   Klausen   ,    Y.   Pilpel   ,    F.C.  
Nielsen   ,    M.   Oren   , and    A.H.   Lund   .   2010 .  p53-independent upregulation of miR-34a during 
oncogene-induced senescence represses MYC .  Cell Death Differr 17 : 236 – 245 .

    Chung ,  W.J.   ,    P.   Agius   ,    J.O.   Westholm   ,    M.   Chen   ,    K.   Okamura   ,    N.   Robine   ,    C.S.   Leslie   , and    E.C.   Lai   .
  2011 .  Computational and experimental identifi cation of mirtrons in Drosophila melanogaster and
Caenorhabditis elegans.  Genome Res 21 : 286 – 300 .



18 MICRORNAS: A BRIEF INTRODUCTION

    Cifuentes ,  D.   ,    H.   Xue   ,    D.W.   Taylor   ,    H.   Patnode   ,    Y.   Mishima   ,    S.   Cheloufi    ,    E.   Ma   ,    S.   Mane   ,    G.J.
Hannon   ,    N.D.   Lawson   ,    S.A.   Wolfe   , and    A.J.   Giraldez   .   2010 .  A novel miRNA processing pathway
independent of Dicer requires Argonaute2 catalytic activity . Science 328: 1694 – 1698 .

    Corcoran ,  D.L.   ,    K.V.   Pandit   ,    B.   Gordon   ,    A.   Bhattacharjee   ,    N.   Kaminski   , and    P.V.   Benos   .   2009 . 
Features of mammalian microRNA promoters emerge from polymerase II chromatin immuno-
precipitation data .  PLoS ONE 4 : e5279 .

    Crick ,  F.      1970 .  Central dogma of molecular biology .  Nature   227 : 561 – 563 .

    Croce ,  C.M.      2009 .  Causes and consequences of microRNA dysregulation in cancer . Nat Rev Genet 
10 : 704 – 714 .

    Czech ,  B.    and    G.J.   Hannon   .   2011 .  Small RNA sorting: matchmaking for Argonautes .  Nat Rev Genet  
12 : 19 – 31 .

    da   Costa Martins ,  P.A.   ,    M.   Bourajjaj   ,    M.   Gladka   ,    M.   Kortland   ,    R.J.   van   Oort   ,    Y.M.   Pinto   ,    J.D.  
Molkentin   , and    L.J.   De Windt   .   2008 .  Conditional dicer gene deletion in the postnatal myocardium
provokes spontaneous cardiac remodeling .  Circulation 118: 1567 – 1576 .  

    Di Leva ,  G.   ,    P.   Gasparini   ,    C.   Piovan   ,    A.   Ngankeu   ,    M.   Garofalo   ,    C.   Taccioli   ,    M.V.   Iorio   ,    M.   Li   ,    S.
 Volinia   ,    H.   Alder   ,    T.   Nakamura   ,    G.   Nuovo   , et al.   2010 .  MicroRNA cluster 221–222 and estrogen
receptor alpha interactions in breast cancer . J Natl Cancer Instt 102 : 706 – 721 .  

    Djebali ,  S.   ,    C.A.   Davis   ,    A.   Merkel   ,    A.   Dobin   ,    T.   Lassmann   ,    A.   Mortazavi   ,    A.   Tanzer   ,    J.   Lagarde   ,    W.
Lin   ,    F.   Schlesinger   ,    C.   Xue   ,    G.K.   Marinov   , et al.   2012 .  Landscape of transcription in human cells .
Nature 489 : 101 – 108 .

    Ebisuya ,  M.   ,    T.   Yamamoto   ,    M.   Nakajima   , and    E.   Nishida   .   2008 .  Ripples from neighbouring tran-
scription . Nat Cell Bioll 10: 1106 – 1113 .  

    Eiring ,  A.M.   ,    J.G.   Harb   ,    P.   Neviani   ,    C.   Garton   ,    J.J.   Oaks   ,    R.   Spizzo   ,    S.   Liu   ,    S.   Schwind   ,    R.   Santha-
nam   ,    C.J.   Hickey   ,    H.   Becker   ,    J.C.   Chandler   , et al.   2010 .  miR-328 functions as an RNA decoy to
modulate hnRNP E2 regulation of mRNA translation in leukemic blasts . Celll 140 : 652 – 665 .

    Esteller ,  M.      2008 .  Epigenetics in cancer . N Engl J Medd 358 : 1148 – 1159 .

    Esteller ,  M.      2011 .  Non-coding RNAs in human disease . Nat Rev Genet t 12: 861 – 874 .  

    Faber ,  C.   ,    D.   Horst   ,    F.   Hlubek   , and    T.   Kirchner   .   2011 .  Overexpression of Dicer predicts poor survival
in colorectal cancer . Eur J Cancer  r 47: 1414 – 1419 .  

    Felli ,  N.   ,    L.   Fontana   ,    E.   Pelosi   ,    R.   Botta   ,    D.   Bonci   ,    F.   Facchiano   ,    F.   Liuzzi   ,    V.   Lulli   ,    O.   Morsilli   ,    S.
Santoro   ,    M.   Valtieri   ,    G.A.   Calin   , et al.   2005 .  MicroRNAs 221 and 222 inhibit normal erythro-
poiesis and erythroleukemic cell growth via kit receptor down-modulation .  Proc Natl Acad Sci
U S A  102 : 18081 – 18086 .

    Fire ,  A.   ,    S.   Xu   ,    M.K.   Montgomery   ,    S.A.   Kostas   ,    S.E.   Driver   , and    C.C.   Mello   .   1998 .  Potent and
specifi c genetic interference by double-stranded RNA in Caenorhabditis elegans. Nature  
391: 806 – 811 .  

    Friedman ,  R.C.   ,    K.K.   Farh   ,    C.B.   Burge   , and    D.P.   Bartel   .   2009 .  Most mammalian mRNAs are con-
served targets of microRNAs . Genome Res  19 : 92 – 105 .

    Fukuda ,  T.   ,    K.   Yamagata   ,    S.   Fujiyama   ,    T.   Matsumoto   ,    I.   Koshida   ,    K.   Yoshimura   ,    M.   Mihara   ,    M.  
Naitou   ,    H.   Endoh   ,    T.   Nakamura   ,    C.   Akimoto   ,    Y.   Yamamoto   , et al.   2007 .  DEAD-box RNA helicase
subunits of the Drosha complex are required for processing of rRNA and a subset of microRNAs .
Nat Cell Bioll 9 : 604 – 611 .

    Garofalo ,  M.   ,    G.   Di Leva   ,    G.   Romano   ,    G.   Nuovo   ,    S.S.   Suh   ,    A.   Ngankeu   ,    C.   Taccioli   ,    F.   Pichiorri   , 
H.   Alder   ,    P.   Secchiero   ,    P.   Gasparini   ,    A.   Gonelli   , et al.   2009 .  miR-221&222 regulate TRAIL 
resistance and enhance tumorigenicity through PTEN and TIMP3 downregulation . Cancer Cell
16: 498 – 509 .

    Ghildiyal ,  M.   ,    J.   Xu   ,    H.   Seitz   ,    Z.   Weng   , and    P.D.   Zamore   .   2010 .  Sorting of Drosophila small silenc-
ing RNAs partitions microRNA* strands into the RNA interference pathway .  RNA 16 : 43 – 56 .

    Ghildiyal ,  M.    and    P.D.   Zamore   .   2009 .  Small silencing RNAs: an expanding universe .  Nat Rev Genet  
10: 94 – 108 .  



REFERENCES 19

    Giraldez ,  A.J.   ,    Y.   Mishima   ,    J.   Rihel   ,    R.J.   Grocock   ,    S.   Van Dongen   ,    K.   Inoue   ,    A.J.   Enright   , and    A.F.  
Schier   .   2006 .  Zebrafi sh miR-430 promotes deadenylation and clearance of maternal mRNAs . 
Science 312: 75 – 79 .  

    Gonzalez ,  G.    and    R.R.   Behringer   .   2009 .  Dicer is required for female reproductive tract development 
and fertility in the mouse .  Mol Reprod Dev  76 : 678 – 688 .

    Griffi ths-Jones ,  S.   ,    R.J.   Grocock   ,    S.   van   Dongen   ,    A.   Bateman   , and    A.J.   Enright   .   2006 .  miRBase:
microRNA sequences, targets and gene nomenclature .  Nucleic Acids Res  34 : D140 – D144 .

    Griffi ths-Jones ,  S.   ,    J.H.   Hui   ,    A.   Marco   , and    M.   Ronshaugen   .   2011 .  MicroRNA evolution by arm 
switching . EMBO Rep  12: 172 – 177 .  

    Grimson ,  A.   ,    K.K.   Farh   ,    W.K.   Johnston   ,    P.   Garrett-Engele   ,    L.P.   Lim   , and    D.P.   Bartel   .   2007 .  MicroRNA 
targeting specifi city in mammals: determinants beyond seed pairing .  Mol Cell  l 27: 91 – 105 .  

    Guo ,  H.   ,    N.T.   Ingolia   ,    J.S.   Weissman   , and    D.P.   Bartel   .   2010 .  Mammalian microRNAs predominantly
act to decrease target mRNA levels .  Nature  466 : 835 – 840 .

    Guo ,  X.   ,    Q.   Liao   ,    P.   Chen   ,    X.   Li   ,    W.   Xiong   ,    J.   Ma   ,    Z.   Luo   ,    H.   Tang   ,    M.   Deng   ,    Y.   Zheng   ,    R.   Wang   ,
W.   Zhang   , et al.   2012 .  The microRNA-processing enzymes: Drosha and Dicer can predict prog-
nosis of nasopharyngeal carcinoma . J Cancer Res Clin Oncoll 138: 49 – 56 .  

    Hafner ,  M.   ,    M.   Landthaler   ,    L.   Burger   ,    M.   Khorshid   ,    J.   Hausser   ,    P.   Berninger   ,    A.   Rothballer   ,    M.
Ascano ,  Jr.   ,    A.C.   Jungkamp   ,    M.   Munschauer   ,    A.   Ulrich   ,    G.S.   Wardle   ,    S.   Dewell   ,    M.   Zavolan   ,    T.  
Tuschl   .   2010 .  Transcriptome-wide identifi cation of RNA-binding protein and microRNA target 
sites by PAR-CLIP .  Celll 141( 1 ): 129 – 141 .  

    Hamilton ,  A.J.    and    D.C.   Baulcombe   .   1999 .  A species of small antisense RNA in posttranscriptional 
gene silencing in plants .  Science  286 : 950 – 952 .

    Hammell ,  C.M.   ,    I.   Lubin   ,    P.R.   Boag   ,    T.K.   Blackwell   , and    V.   Ambros   .   2009 .  nhl-2 Modulates
microRNA activity in  Caenorhabditis elegans  . Celll 136: 926 – 938 .  

    Han ,  J.   ,    J.S.   Pedersen   ,    S.C.   Kwon   ,    C.D.   Belair   ,    Y.K.   Kim   ,    K.H.   Yeom   ,    W.Y.   Yang   ,    D.   Haussler   ,    R.  
Blelloch   , and    V.N.   Kim   .   2009 .  Posttranscriptional crossregulation between Drosha and DGCR8 . 
Celll 136 : 75 – 84 .

    Harries ,  L.W.      2012 .  Long non-coding RNAs and human disease .  Biochem Soc Trans  40: 902 – 906 .  

    Harris ,  K.S.   ,    Z.   Zhang   ,    M.T.   McManus   ,    B.D.   Harfe   , and    X.   Sun   .   2006 .  Dicer function is essential 
for lung epithelium morphogenesis .  Proc Natl Acad Sci U S A 103 : 2208 – 2213 .

    Hertel ,  J.   ,    M.   Lindemeyer   ,    K.   Missal   ,    C.   Fried   ,    A.   Tanzer   ,    C.   Flamm   ,    I.L.   Hofacker   , and    P.F.   Stadler   .
2006 .  The expansion of the metazoan microRNA repertoire .  BMC Genomics  7 : 25 .

    Humphreys ,  D.T.   ,    B.J.   Westman   ,    D.I.   Martin   , and    T.   Preiss   .   2005 .  MicroRNAs control translation
initiation by inhibiting eukaryotic initiation factor 4E/cap and poly(A) tail function .  Proc Natl 
Acad Sci U S A 102 : 16961 – 16966 .

    Huntzinger ,  E.    and    E.   Izaurralde   .   2011 .  Gene silencing by microRNAs: contributions of translational 
repression and mRNA decay .  Nat Rev Genet  t 12 : 99 – 110 .  

    Huse ,  J.T.   ,    C.   Brennan   ,    D.   Hambardzumyan   ,    B.   Wee   ,    J.   Pena   ,    S.H.   Rouhanifard   ,    C.   Sohn-Lee   ,    C.   le
Sage   ,    R.   Agami   ,    T.   Tuschl   , and    E.C.   Holland   .   2009 .  The PTEN-regulating microRNA miR-26a is 
amplifi ed in high-grade glioma and facilitates gliomagenesis in vivo .  Genes Dev 23 : 1327 – 1337 .  

    Hwang ,  H.W.   ,    E.A.   Wentzel   , and    J.T.   Mendell   .   2007 .  A hexanucleotide element directs microRNA 
nuclear import .  Science 315 : 97 – 100 .

    Iorio ,  M.V.    and    C.M.   Croce   .   2012 .  Causes and consequences of microRNA dysregulation .  Cancer 
JJ 18 : 215 – 222 .

    Johnson ,  C.D.   ,    A.   Esquela-Kerscher   ,    G.   Stefani   ,    M.   Byrom   ,    K.   Kelnar   ,    D.   Ovcharenko   ,    M.   Wilson   ,
X.   Wang   ,    J.   Shelton   ,    J.   Shingara   ,    L.   Chin   ,    D.   Brown   , et al.   2007 .  The let-7 microRNA represses
cell proliferation pathways in human cells .  Cancer Res 67 : 7713 – 7722 .

    Johnson ,  S.M.   ,    H.   Grosshans   ,    J.   Shingara   ,    M.   Byrom   ,    R.   Jarvis   ,    A.   Cheng   ,    E.   Labourier   ,    K.L.  
Reinert   ,    D.   Brown   , and    F.J.   Slack   .   2005 .  RAS is regulated by the let-7 microRNA family .  Cell
120: 635 – 647 .  



20 MICRORNAS: A BRIEF INTRODUCTION

    Johnston ,  R.J. ,  Jr.   ,    S.   Chang   ,    J.F.   Etchberger   ,    C.O.   Ortiz   , and    O.   Hobert   .   2005 .  MicroRNAs acting
in a double-negative feedback loop to control a neuronal cell fate decision . Proc Natl Acad Sci
U S A 102 : 12449 – 12454 .

    Kaller ,  M.   ,    S.T.   Liffers   ,    S.   Oeljeklaus   ,    K.   Kuhlmann   ,    S.   Roh   ,    R.   Hoffmann   ,    B.   Warscheid   , and    H.  
Hermeking   .   2011 .  Genome-wide characterization of miR-34a induced changes in protein and
mRNA expression by a combined pulsed SILAC and microarray analysis . Mol Cell Proteomics
10 : M111 010462 .

    Karginov ,  F.V.   ,    C.   Conaco   ,    Z.   Xuan   ,    B.H.   Schmidt   ,    J.S.   Parker   ,    G.   Mandel   , and    G.J.   Hannon   .   2007 .
A biochemical approach to identifying microRNA targets . Proc Natl Acad Sci U S A 104 :
19291 – 19296 .

    Karube ,  Y.   ,    H.   Tanaka   ,    H.   Osada   ,    S.   Tomida   ,    Y.   Tatematsu   ,    K.   Yanagisawa   ,    Y.   Yatabe   ,    J.   Takamizawa   ,
S.   Miyoshi   ,    T.   Mitsudomi   , and    T.   Takahashi   .   2005 .  Reduced expression of Dicer associated with
poor prognosis in lung cancer patients . Cancer Sci 96: 111 – 115 .  

    Kawahara ,  Y.   ,    B.   Zinshteyn   ,    T.P.   Chendrimada   ,    R.   Shiekhattar   , and    K.   Nishikura   .   2007a .  RNA 
editing of the microRNA-151 precursor blocks cleavage by the Dicer-TRBP complex .  EMBO 
Rep 8 : 763 – 769 .

    Kawahara ,  Y.   ,    B.   Zinshteyn   ,    P.   Sethupathy   ,    H.   Iizasa   ,    A.G.   Hatzigeorgiou   , and    K.   Nishikura   .   2007b .
Redirection of silencing targets by adenosine-to-inosine editing of miRNAs . Science 315 :
1137 – 1140 .

    Kedde ,  M.   ,    M.J.   Strasser   ,    B.   Boldajipour   ,    J.A.   Oude Vrielink   ,    K.   Slanchev   ,    C.   le   Sage   ,    R.   Nagel   ,
P.M.   Voorhoeve   ,    J.   van   Duijse   ,    U.A.   Orom   ,    A.H.   Lund   ,    A.   Perrakis   , et al.   2007 .  RNA-binding
protein Dnd1 inhibits microRNA access to target mRNA .  Celll 131 : 1273 – 1286 .

    Kertesz ,  M.   ,    N.   Iovino   ,    U.   Unnerstall   ,    U.   Gaul   , and    E.   Segal   .   2007 .  The role of site accessibility in 
microRNA target recognition . Nat Genett 39 : 1278 – 1284 .

    Khoshnaw ,  S.M.   ,    E.A.   Rakha   ,    T.M.   Abdel-Fatah   ,    C.C.   Nolan   ,    Z.   Hodi   ,    D.R.   Macmillan   ,    I.O.   Ellis   , 
and    A.R.   Green   .   2012 .  Loss of Dicer expression is associated with breast cancer progression and 
recurrence . Breast Cancer Res Treat t 135: 403 – 413 .  

    Khvorova ,  A.   ,    A.   Reynolds   , and    S.D.   Jayasena   .   2003 .  Functional siRNAs and miRNAs exhibit strand 
bias . Celll 115 : 209 – 216 .

    Kim ,  H.H.   ,    Y.   Kuwano   ,    S.   Srikantan   ,    E.K.   Lee   ,    J.L.   Martindale   , and    M.   Gorospe   .   2009 .  HuR recruits 
let-7/RISC to repress c-Myc expression .  Genes Dev 23: 1743 – 1748 .  

    Krek ,  A.   ,    D.   Grun   ,    M.N.   Poy   ,    R.   Wolf   ,    L.   Rosenberg   ,    E.J.   Epstein   ,    P.   MacMenamin   ,    I.   da   Piedade   ,
K.C.   Gunsalus   ,    M.   Stoffel   , and    N.   Rajewsky   .   2005 .  Combinatorial microRNA target predictions .
Nat Genett 37 : 495 – 500 .

    Kumar ,  M.S.   ,    J.   Lu   ,    K.L.   Mercer   ,    T.R.   Golub   , and    T.   Jacks   .   2007 .  Impaired microRNA processing
enhances cellular transformation and tumorigenesis . Nat Genet  t 39: 673 – 677 .  

    Ladewig ,  E.   ,    K.   Okamura   ,    A.S.   Flynt   ,    J.O.   Westholm   , and    E.C.   Lai   .   2012 .  Discovery of hundreds
of mirtrons in mouse and human small RNA data . Genome Res 22 : 1634 – 1645 .

    Lagos-Quintana ,  M.   ,    R.   Rauhut   ,    W.   Lendeckel   , and    T.   Tuschl   .   2001 .  Identifi cation of novel genes
coding for small expressed RNAs . Science 294: 853 – 858 .  

    Lal ,  A.   ,    F.   Navarro   ,    C.A.   Maher   ,    L.E.   Maliszewski   ,    N.   Yan   ,    E.   O ’ Day   ,    D.   Chowdhury   ,    D.M.   Dykx-
hoorn   ,    P.   Tsai   ,    O.   Hofmann   ,    K.G.   Becker   ,    M.   Gorospe   , et al.   2009 .  miR-24 inhibits cell prolifera-
tion by targeting E2F2, MYC, and other cell-cycle genes via binding to “seedless” 3 ′UTR 
microRNA recognition elements . Mol Cell l 35 : 610 – 625 .

    Lawrie ,  C.H.   ,    S.   Gal   ,    H.M.   Dunlop   ,    B.   Pushkaran   ,    A.P.   Liggins   ,    K.   Pulford   ,    A.H.   Banham   ,    F.   Pez-
zella   ,    J.   Boultwood   ,    J.S.   Wainscoat   ,    C.S.   Hatton   , and    A.L.   Harris   .   2008 .  Detection of elevated 
levels of tumour-associated microRNAs in serum of patients with diffuse large B-cell lymphoma . 
Br J Haematoll 141: 672 – 675 .  

    Lawrie ,  C.H.   ,    S.   Soneji   ,    T.   Marafi oti   ,    C.D.   Cooper   ,    S.   Palazzo   ,    J.C.   Paterson   ,    H.   Cattan   ,    T.   Enver   , 
R.   Mager   ,    J.   Boultwood   ,    J.S.   Wainscoat   , and    C.S.   Hatton   .   2007 .  MicroRNA expression distin-



REFERENCES 21

guishes between germinal center B cell-like and activated B cell-like subtypes of diffuse large 
B cell lymphoma .  Int J Cancer  r 121 : 1156 – 1161 .

    Lee ,  R.C.    and    V.   Ambros   .   2001 .  An extensive class of small RNAs in  Caenorhabditis elegans  . 
Science 294: 862 – 864 .  

    Lee ,  R.C.   ,    R.L.   Feinbaum   , and    V.   Ambros   .   1993 .  The C. elegans heterochronic gene lin-4 encodes 
small RNAs with antisense complementarity to lin-14 .  Celll 75 : 843 – 854 .

    Lee ,  Y.   ,    I.   Hur   ,    S.Y.   Park   ,    Y.K.   Kim   ,    M.R.   Suh   , and    V.N.   Kim   .   2006 .  The role of PACT in the RNA 
silencing pathway .  Embo J  J 25 : 522 – 532 .

    Lewis ,  B.P.   ,    C.B.   Burge   , and    D.P.   Bartel   .   2005 .  Conserved seed pairing, often fl anked by adenosines,
indicates that thousands of human genes are microRNA targets . Celll 120: 15 – 20 .  

    Lewis ,  B.P.   ,    I.H.   Shih   ,    M.W.   Jones-Rhoades   ,    D.P.   Bartel   , and    C.B.   Burge   .   2003 .  Prediction of mam-
malian microRNA targets .  Celll 115 : 787 – 798 .

    Li ,  W.   ,    R.   Duan   ,    F.   Kooy   ,    S.L.   Sherman   ,    W.   Zhou   , and    P.   Jin   .   2009 .  Germline mutation of microRNA-
125a is associated with breast cancer .  J Med Genet t 46: 358 – 360 .  

    Lim ,  L.P.   ,    N.C.   Lau   ,    P.   Garrett-Engele   ,    A.   Grimson   ,    J.M.   Schelter   ,    J.   Castle   ,    D.P.   Bartel   ,    P.S.   Linsley   ,
and    J.M.   Johnson   .   2005 .  Microarray analysis shows that some microRNAs downregulate large 
numbers of target mRNAs .  Nature 433 : 769 – 773 .

    Lin ,  M.   ,    J.   Gu   ,    C.   Eng   ,    L.M.   Ellis   ,    M.A.   Hildebrandt   ,    J.   Lin   ,    M.   Huang   ,    G.A.   Calin   ,    D.   Wang   ,    R.N.  
 Dubois   ,    E.T.   Hawk   , and    X.   Wu   .   2012 .  Genetic polymorphisms in MicroRNA-related genes
as predictors of clinical outcomes in colorectal adenocarcinoma patients .  Clin Cancer Res
18: 3982 – 3991 .  

    Lin ,  R.J.   ,    Y.C.   Lin   ,    J.   Chen   ,    H.H.   Kuo   ,    Y.Y.   Chen   ,    M.B.   Diccianni   ,    W.B.   London   ,    C.H.   Chang   , and
   A.L.   Yu   .   2010 .  microRNA signature and expression of Dicer and Drosha can predict prognosis
and delineate risk groups in neuroblastoma . Cancer Res 70 : 7841 – 7850 .

    Liu ,  J.   ,    M.A.   Valencia-Sanchez   ,    G.J.   Hannon   , and    R.   Parker   .   2005 .  MicroRNA-dependent localiza-
tion of targeted mRNAs to mammalian P-bodies .  Nat Cell Biol l 7: 719 – 723 .  

Liu ,  X.   ,    A.   Wang   ,    C.E.   Heidbreder   ,    L.   Jiang   ,    J.   Yu   ,    A.   Kolokythas   ,    L.   Huang   ,    Y.   Dai   , and    X.   Zhou   . 
  2010 .  MicroRNA-24 targeting RNA-binding protein DND1 in tongue squamous cell carcinoma .
FEBS Lettt 584 : 4115 – 4120 .

    Llave ,  C.   ,    Z.   Xie   ,    K.D.   Kasschau   , and    J.C.   Carrington   .   2002 .  Cleavage of Scarecrow-like mRNA 
targets directed by a class of Arabidopsis miRNA .  Science 297: 2053 – 2056 .  

Lu ,  J.   ,    G.   Getz   ,    E.A.   Miska   ,    E.   Alvarez-Saavedra   ,    J.   Lamb   ,    D.   Peck   ,    A.   Sweet-Cordero   ,    B.L.   Ebert   ,
   R.H.   Mak   ,    A.A.   Ferrando   ,    J.R.   Downing   ,    T.   Jacks   , et al.   2005 .  MicroRNA expression profi les
classify human cancers . Nature   435 : 834 – 838 .

Lytle ,  J.R.   ,    T.A.   Yario   , and    J.A.   Steitz   .   2007 .  Target mRNAs are repressed as effi ciently by
microRNA-binding sites in the 5 ′  UTR as in the 3′  UTR . Proc Natl Acad Sci U S A  104:
 9667 – 9672 .  

    Mattick ,  J.S.      2001 .  Non-coding RNAs: the architects of eukaryotic complexity . EMBO Rep 
2: 986 – 991 .  

    Mercer ,  T.R.   ,    M.E.   Dinger   , and    J.S.   Mattick   .   2009 .  Long non-coding RNAs: insights into functions . 
Nat Rev Genett 10: 155 – 159 .  

    Merritt ,  W.M.   ,    Y.G.   Lin   ,    L.Y.   Han   ,    A.A.   Kamat   ,    W.A.   Spannuth   ,    R.   Schmandt   ,    D.   Urbauer   ,    L.A.
 Pennacchio   ,    J.F.   Cheng   ,    A.M.   Nick   ,    M.T.   Deavers   ,    A.   Mourad-Zeidan   , et al.   2008 .  Dicer, Drosha,
and outcomes in patients with ovarian cancer .  N Engl J Med  d 359 : 2641 – 2650 .

Miranda ,  K.C.   ,    T.   Huynh   ,    Y.   Tay   ,    Y.S.   Ang   ,    W.L.   Tam   ,    A.M.   Thomson   ,    B.   Lim   , and    I.   Rigoutsos   . 
  2006 .  A pattern-based method for the identifi cation of MicroRNA binding sites and their corre-
sponding heteroduplexes .  Celll 126: 1203 – 1217 .  

Morita ,  S.   ,    T.   Horii   ,    M.   Kimura   ,    Y.   Goto   ,    T.   Ochiya   , and    I.   Hatada   .   2007 .  One Argonaute family
member, Eif2c2 (Ago2), is essential for development and appears not to be involved in DNA 
methylation . Genomics 89: 687 – 696 .  



22 MICRORNAS: A BRIEF INTRODUCTION

    Mukherjee ,  N.   ,    D.L.   Corcoran   ,    J.D.   Nusbaum   ,    D.W.   Reid   ,    S.   Georgiev   ,    M.   Hafner   ,    M.   Ascano ,  Jr.   , 
T.   Tuschl   ,    U.   Ohler   , and    J.D.   Keene   .   2011 .  Integrative regulatory mapping indicates that the
RNA-binding protein HuR couples pre-mRNA processing and mRNA stability .  Mol Cell 
43 : 327 – 339 .

    Napoli ,  C.   ,    C.   Lemieux   , and    R.   Jorgensen   .   1990 .  Introduction of a Chimeric Chalcone Synthase
Gene into Petunia Results in Reversible Co-Suppression of Homologous Genes in trans . Plant 
Celll 2 : 279 – 289 .

    Neumuller ,  R.A.   ,    J.   Betschinger   ,    A.   Fischer   ,    N.   Bushati   ,    I.   Poernbacher   ,    K.   Mechtler   ,    S.M.   Cohen   , 
and    J.A.   Knoblich   .   2008 .  Mei-P26 regulates microRNAs and cell growth in the Drosophila 
ovarian stem cell lineage . Nature 454 : 241 – 245 .

    O ’ Donnell ,  K.A.   ,    E.A.   Wentzel   ,    K.I.   Zeller   ,    C.V.   Dang   , and    J.T.   Mendell   .   2005 .  c-Myc-regulated
microRNAs modulate E2F1 expression . Nature 435: 839 – 843 .  

    Okamura ,  K.   ,    J.W.   Hagen   ,    H.   Duan   ,    D.M.   Tyler   , and    E.C.   Lai   .   2007 .  The mirtron pathway generates
microRNA-class regulatory RNAs in Drosophila . Celll 130 : 89 – 100 .

    Okamura ,  K.   ,    M.D.   Phillips   ,    D.M.   Tyler   ,    H.   Duan   ,    Y.T.   Chou   , and    E.C.   Lai   .   2008 .  The regulatory 
activity of microRNA* species has substantial infl uence on microRNA and 3′  UTR evolution .
Nat Struct Mol Bioll 15 : 354 – 363 .

    Olsen ,  P.H.    and    V.   Ambros   .   1999 .  The lin-4 regulatory RNA controls developmental timing in Cae-
norhabditis elegans by blocking LIN-14 protein synthesis after the initiation of translation .  Dev  
Bioll 216 : 671 – 680 .

    O ’ Rourke ,  J.R.   ,    S.A.   Georges   ,    H.R.   Seay   ,    S.J.   Tapscott   ,    M.T.   McManus   ,    D.J.   Goldhamer   ,    M.S.  
Swanson   , and    B.D.   Harfe   .   2007 .  Essential role for Dicer during skeletal muscle development .
Dev Bioll 311 : 359 – 368 .

    Pasquinelli ,  A.E.   ,    B.J.   Reinhart   ,    F.   Slack   ,    M.Q.   Martindale   ,    M.I.   Kuroda   ,    B.   Maller   ,    D.C.   Hayward   ,
E.E.   Ball   ,    B.   Degnan   ,    P.   Muller   ,    J.   Spring   ,    A.   Srinivasan   , et al.   2000 .  Conservation of the
sequence and temporal expression of let-7 heterochronic regulatory RNA . Nature 408 : 86 – 89 .

    Pillai ,  R.S.   ,    S.N.   Bhattacharyya   ,    C.G.   Artus   ,    T.   Zoller   ,    N.   Cougot   ,    E.   Basyuk   ,    E.   Bertrand   , and  
W.   Filipowicz   .   2005 .  Inhibition of translational initiation by Let-7 MicroRNA in human cells .
Science 309: 1573 – 1576 .  

    Reinhart ,  B.J.   ,    F.J.   Slack   ,    M.   Basson   ,    A.E.   Pasquinelli   ,    J.C.   Bettinger   ,    A.E.   Rougvie   ,    H.R.   Horvitz   ,
and    G.   Ruvkun   .   2000 .  The 21-nucleotide let-7 RNA regulates developmental timing in  Cae-
norhabditis elegans  . Nature 403: 901 – 906 .  

    Roccaro ,  A.M.   ,    A.   Sacco   ,    X.   Jia   ,    A.K.   Azab   ,    P.   Maiso   ,    H.T.   Ngo   ,    F.   Azab   ,    J.   Runnels   ,    P.   Quang   , and 
I.M.   Ghobrial   .   2010 .  microRNA-dependent modulation of histone acetylation in Waldenstrom
macroglobulinemia .  Blood d 116: 1506 – 1514 .  

    Rodriguez ,  A.   ,    S.   Griffi ths-Jones   ,    J.L.   Ashurst   , and    A.   Bradley   .   2004 .  Identifi cation of mammalian
microRNA host genes and transcription units . Genome Res 14 : 1902 – 1910 .

    Rosenfeld ,  N.   ,    M.B.   Elowitz   , and    U.   Alon   .   2002 .  Negative autoregulation speeds the response times
of transcription networks . J Mol Bioll 323 : 785 – 793 .

    Roush ,  S.F.    and    F.J.   Slack   .   2009 .  Transcription of the C. elegans let-7 microRNA is temporally regu-
lated by one of its targets, hbl-1 . Dev Bioll 334 : 523 – 534 .

    Rybak ,  A.   ,    H.   Fuchs   ,    K.   Hadian   ,    L.   Smirnova   ,    E.A.   Wulczyn   ,    G.   Michel   ,    R.   Nitsch   ,    D.   Krappmann   , 
and    F.G.   Wulczyn   .   2009 .  The let-7 target gene mouse lin-41 is a stem cell specifi c E3 ubiquitin
ligase for the miRNA pathway protein Ago2 .  Nat Cell Biol  l 11: 1411 – 1420 .  

    Schmutz ,  J.   ,    J.   Wheeler   ,    J.   Grimwood   ,    M.   Dickson   ,    J.   Yang   ,    C.   Caoile   ,    E.   Bajorek   ,    S.   Black   ,    Y.M.
 Chan   ,    M.   Denys   ,    J.   Escobar   ,    D.   Flowers   , et al.   2004 .  Quality assessment of the human genome
sequence .  Nature  429: 365 – 368 .  

    Schwamborn ,  J.C.   ,    E.   Berezikov   , and    J.A.   Knoblich   .   2009 .  The TRIM-NHL protein TRIM32
activates microRNAs and prevents self-renewal in mouse neural progenitors . Cell  l 136 : 913 –
 925 .



REFERENCES 23

    Schwarz ,  D.S.   ,    G.   Hutvagner   ,    T.   Du   ,    Z.   Xu   ,    N.   Aronin   , and    P.D.   Zamore   .   2003 .  Asymmetry in the
assembly of the RNAi enzyme complex .  Celll 115: 199 – 208 .  

    Scott ,  G.K.   ,    M.D.   Mattie   ,    C.E.   Berger   ,    S.C.   Benz   , and    C.C.   Benz   .   2006 .  Rapid alteration of 
microRNA levels by histone deacetylase inhibition . Cancer Res 66: 1277 – 1281 .  

    Sen ,  G.L.    and    H.M.   Blau   .   2005 .  Argonaute 2/RISC resides in sites of mammalian mRNA decay 
known as cytoplasmic bodies .  Nat Cell Biol  l 7 : 633 – 636 .

    Sethupathy ,  P.   ,    M.   Megraw   , and    A.G.   Hatzigeorgiou   .   2006 .  A guide through present computational 
approaches for the identifi cation of mammalian microRNA targets . Nat Methods 3: 881 – 886 .  

    Shalgi ,  R.   ,    D.   Lieber   ,    M.   Oren   , and    Y.   Pilpel   .   2007 .  Global and local architecture of the mammalian
microRNA-transcription factor regulatory network . PLoS Comput Bioll 3: e131 .  

    Shin ,  C.   ,    J.W.   Nam   ,    K.K.   Farh   ,    H.R.   Chiang   ,    A.   Shkumatava   , and    D.P.   Bartel   .   2010 .  Expanding the 
microRNA targeting code: functional sites with centered pairing .  Mol Cell  l 38: 789 – 802 .  

    Shin ,  D.   ,    J.Y.   Shin   ,    M.T.   McManus   ,    L.J.   Ptacek   , and    Y.H.   Fu   .   2009 .  Dicer ablation in oligodendro-
cytes provokes neuronal impairment in mice .  Ann Neurol  l 66: 843 – 857 .  

    Sugito ,  N.   ,    H.   Ishiguro   ,    Y.   Kuwabara   ,    M.   Kimura   ,    A.   Mitsui   ,    H.   Kurehara   ,    T.   Ando   ,    R.   Mori   ,    N.  
Takashima   ,    R.   Ogawa   , and    Y.   Fujii   .   2006 .  RNASEN regulates cell proliferation and affects 
survival in esophageal cancer patients .  Clin Cancer Res 12: 7322 – 7328 .  

    Tao ,  J.   ,    H.   Wu   ,    Q.   Lin   ,    W.   Wei   ,    X.H.   Lu   ,    J.P.   Cantle   ,    Y.   Ao   ,    R.W.   Olsen   ,    X.W.   Yang   ,    I.   Mody   ,    M.V.
Sofroniew   , and    Y.E.   Sun   .   2011 .  Deletion of astroglial Dicer causes non-cell-autonomous neuronal 
dysfunction and degeneration . J Neurosci  31: 8306 – 8319 .  

    Tay ,  Y.   ,    J.   Zhang   ,    A.M.   Thomson   ,    B.   Lim   , and    I.   Rigoutsos   .   2008 .  MicroRNAs to Nanog, Oct4 and
Sox2 coding regions modulate embryonic stem cell differentiation . Nature 455 : 1124 – 1128 .

    Tsang ,  J.   ,    J.   Zhu   , and    A.   van   Oudenaarden   .   2007 .  MicroRNA-mediated feedback and feedforward 
loops are recurrent network motifs in mammals .  Mol Cell  l 26 : 753 – 767 .

    Vasudevan ,  S.   ,    Y.   Tong   , and    J.A.   Steitz   .   2007 .  Switching from repression to activation: microRNAs 
can up-regulate translation . Science  318: 1931 – 1934 .  

    Viswanathan ,  S.R.    and    G.Q.   Daley   .   2010 .  Lin28: a microRNA regulator with a macro role .  Cell
140 : 445 – 449 .

    Wang ,  Y.   ,    R.   Medvid   ,    C.   Melton   ,    R.   Jaenisch   , and    R.   Blelloch   .   2007 .  DGCR8 is essential for 
microRNA biogenesis and silencing of embryonic stem cell self-renewal . Nat Genet t 39:
380 – 385 .  

    Weber ,  B.   ,    C.   Stresemann   ,    B.   Brueckner   , and    F.   Lyko   .   2007 .  Methylation of human microRNA genes
in normal and neoplastic cells . Cell Cycle 6: 1001 – 1005 .  

    Weber ,  J.A.   ,    D.H.   Baxter   ,    S.   Zhang   ,    D.Y.   Huang   ,    K.H.   Huang   ,    M.J.   Lee   ,    D.J.   Galas   , and    K.   Wang   .
2010 .  The microRNA spectrum in 12 body fl uids .  Clin Chem 56 : 1733 – 1741 .

    Wightman ,  B.   ,    I.   Ha   , and    G.   Ruvkun   .   1993 .  Posttranscriptional regulation of the heterochronic gene 
lin-14 by lin-4 mediates temporal pattern formation in C. elegans . Celll 75 : 855 – 862 .

    Winter ,  J.   ,    S.   Jung   ,    S.   Keller   ,    R.I.   Gregory   , and    S.   Diederichs   .   2009 .  Many roads to maturity:
microRNA biogenesis pathways and their regulation .  Nat Cell Biol  l 11 : 228 – 234 .

    Wu ,  L.   ,    J.   Fan   , and    J.G.   Belasco   .   2006 .  MicroRNAs direct rapid deadenylation of mRNA .  Proc Natl 
Acad Sci U S A 103 : 4034 – 4039 .

    Yamada ,  K.   ,    J.   Lim   ,    J.M.   Dale   ,    H.   Chen   ,    P.   Shinn   ,    C.J.   Palm   ,    A.M.   Southwick   ,    H.C.   Wu   ,    C.   Kim   ,
M.   Nguyen   ,    P.   Pham   ,    R.   Cheuk   , et al.   2003 .  Empirical analysis of transcriptional activity in the 
Arabidopsis genome .  Science 302 : 842 – 846 .

    Yang ,  J.S.    and    E.C.   Lai   .   2011 .  Alternative miRNA biogenesis pathways and the interpretation of 
core miRNA pathway mutants .  Mol Cell l 43 : 892 – 903 .

    Yang ,  Y.   ,    R.   Chaerkady   ,    K.   Kandasamy   ,    T.C.   Huang   ,    L.D.   Selvan   ,    S.B.   Dwivedi   ,    O.A.   Kent   ,    J.T.  
Mendell   , and    A.   Pandey   .   2010 .  Identifying targets of miR-143 using a SILAC-based proteomic 
approach . Mol Biosyst t 6 : 1873 – 1882 .  



24 MICRORNAS: A BRIEF INTRODUCTION

    Yekta ,  S.   ,    I.H.   Shih   , and    D.P.   Bartel   .   2004 .  MicroRNA-directed cleavage of HOXB8 mRNA .  Science
304: 594 – 596 .  

    Yeom ,  K.H.   ,    Y.   Lee   ,    J.   Han   ,    M.R.   Suh   , and    V.N.   Kim   .   2006 .  Characterization of DGCR8/Pasha, the
essential cofactor for Drosha in primary miRNA processing . Nucleic Acids Res 34: 4622 – 4629 .  

Zamore ,  P.D.   ,    T.   Tuschl   ,    P.A.   Sharp   , and    D.P.   Bartel   .   2000 .  RNAi: double-stranded RNA directs the
ATP-dependent cleavage of mRNA at 21 to 23 nucleotide intervals .  Celll 101: 25 – 33 .  

Zeng ,  Y.      2006 .  Principles of micro-RNA production and maturation .  Oncogene  25 : 6156 – 6162 .

    Zhang ,  L.   ,    D.   Hou   ,    X.   Chen   ,    D.   Li   ,    L.   Zhu   ,    Y.   Zhang   ,    J.   Li   ,    Z.   Bian   ,    X.   Liang   ,    X.   Cai   ,    Y.   Yin   ,    C.
 Wang   , et al.   2012 .  Exogenous plant MIR168a specifi cally targets mammalian LDLRAP1: evi-
dence of cross-kingdom regulation by microRNA .  Cell Res 22 : 107 – 126 .

    Zhao ,  H.   ,    A.   Kalota   ,    S.   Jin   , and    A.M.   Gewirtz   .   2009 .  The c-myb proto-oncogene and microRNA-15a
comprise an active autoregulatory feedback loop in human hematopoietic cells .  Blood  d 113 :
 505 – 516 .

    Zisoulis ,  D.G.   ,    Z.S.   Kai   ,    R.K.   Chang   , and    A.E.   Pasquinelli   .   2012 .  Autoregulation of microRNA 
biogenesis by let-7 and Argonaute .  Nature    486 : 541 – 544 .


