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    Abstract     The discovery of microRNAs (miRNAs) as regulators of gene expression 
and of their involvement in human carcinogenesis represents one of the most impor-
tant scientifi c discoveries of the last decade. This statement is supported by the 
plethora of works published in this fi eld which refl ect the broad interest of the sci-
entifi c community for this topic. Recently, it has been shown that miRNAs not only 
modulate the expression of targeted genes but they are also involved in modulating 
intercellular signaling within the tumor microenvironment. Finally, new groups of 
noncoding RNAs are emerging as key players in carcinogenesis and a better under-
standing of their function and biology identifi es new anticancer molecular targets.  

  Keywords     MicroRNAs   •   Noncoding RNAs   •   Oncogenes   •   Tumor-suppressor 
genes   •   Ultraconserved regions   •   Infl ammation   •   Tumor microenvironment   •   
Toll- like receptors  

     In 1993 Victor Ambros et al. described for the fi rst time a small noncoding RNA 
(ncRNA), called lin-4, able to regulate the expression of a protein-coding gene 
(PCG), named lin-14 in  Caenorhabditis elegans , and affecting the development of 
the nematode [ 1 ]. This was the fi rst description of a role of ncRNAs in affecting a 
phenotype. After a long period essentially devoid of publications in this fi eld, in 
2001 Thomas Tuschl et al. published a seminal manuscript identifying several of 
these small ncRNAs (now named microRNAs or miRNAs) not only in invertebrates 
but also in vertebrates [ 2 ]. The fi rst connection between miRNA dys-regulation and 
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cancer was provided by the group of Carlo Croce, who showed that a specifi c cluster 
of miRNAs (namely, the miR-15a/16-1 cluster) is located at 13q14, the most fre-
quently deleted region in human chronic lymphocytic leukemia, and that miRNAs 
are located in cancer-associated genomic regions (CAGRs), including areas of 
genomic amplifi cation/deletion, recombination, LOH, and fragile sites [ 3 ]. After 
these initial discoveries a plethora of publications have clearly demonstrated an 
involvement of miRNAs in human carcinogenesis and have dissected the molecular 
targets of miRNAs responsible for a specifi c cancer phenotype. While the most 
relevant of these studies will be presented in the next chapters of this book, I think 
it is important to identify the different “ages” of the scientifi c research in the fi eld of 
ncRNAs. In my opinion this is relevant not only from a historical point of view but 
also to identify (and try to anticipate to my best) the next directions that scientists 
will take in this rapidly growing research fi eld. Supported by the advent of high- 
throughput techniques for the profi ling of miRNAs (such as microarrays, bead- 
based detection methods), we have assisted at an initial “profi ling era,” in which 
essentially the miRNome (defi ned as the full spectrum of miRNAs expressed in a 
given genome) was profi led in all human types of cancers (both solid and hemato-
logical malignancies) with respect to the normal tissue counterpart. This approach 
has allowed the identifi cation of specifi c “signatures” of dys-regulated miRNAs, 
harboring important diagnostic implications. Subsequently, in an attempt to better 
understand the signifi cance of this observed miRNA dys-regulation from a molecu-
lar point of view, scientists in the fi eld have begun a new “target era.” Essentially, 
each group focused on one target messenger RNA (mRNA) of interest, as the main 
responsible of the phenotype observed by modulating the expression of a given 
miRNA. This approach has soon revealed inadequate, since it has been shown that 
one single cluster of miRNAs (namely, the miR-15a/16-1 cluster) is able to modu-
late (directly and indirectly) about 14 % of the whole human genome in leukemic 
cells [ 4 ]. Therefore, the initial concept that one miRNA targets one mRNA has been 
rapidly replaced by the concepts that each miRNA targets actually several different 
mRNAs and that one mRNA can be targeted by several different miRNAs. It is now 
estimated that about 30 % of all human genes can be regulated by miRNAs [ 5 ]. 
The fact that several mRNAs can be target of a given miRNA has also led to 
 abandoning the academic classifi cation of miRNAs as oncogenes (OG) or tumor- 
suppressor genes (TSGs), but it has revealed that miRNAs have a dual nature and 
can act both as OGs or TSGs, based on the type of cancer and in some cases also in 
a species- specifi c fashion [ 6 ]. In an attempt to determine which factors were respon-
sible for the dys-regulation of miRNAs observed in cancer, researchers started 
investigating which factors regulate miRNA expression. Since miRNAs are genes, 
it was no surprise to discover that they essentially undergo the same regulatory 
mechanisms of any other PCG. In particular, miRNAs are regulated by transcription 
factors and epigenetic phenomena (e.g., promoter hypermethylation, histone, and 
chromatin modifi cations) described for any other gene, and these aspects will be 
examined in detail in the book. More recently, we are witnessing the beginning of a 
new age in miRNA research: the “pathway era.” This concept stems from the obser-
vation that miRNAs do not completely silence the expression of a targeted gene, but 

M. Fabbri



3

they reduce the protein expression by 40–50 % at    best. However, scientists observed 
that the same miRNA (or a limited number of miRNAs) affects a specifi c phenotype 
by targeting multiple genes of a specifi c pathway or belonging to interacting path-
ways. This observation is not trivial, since it represents the rationale for the use of 
miRNA- based therapies versus siRNA-based therapies. Indeed, while siRNAs 
designed specifi cally against a given mRNA are way more effective than miRNAs 
in silencing the expression of that gene, they also work specifi cally to silence only 
the gene for which they have been designed. Conversely, miRNAs regulating differ-
ent effectors of a common (or related) pathway exert a broader and bigger impact on 
the processes regulated by that pathway and are more likely to interfere with the 
plasticity of cancer cells and their renowned ability to fi nd escape routes to the 
silencing of a specifi c gene. 

 More recently, it has been shown that miRNAs belong to a bigger family of 
ncRNAs, whose members are also of great signifi cance in human carcinogenesis. 
One of the fi rst groups of “other” ncRNAs is composed of the so-called transcribed 
ultraconserved regions (T-UCRs) of the genome, highly conserved transcripts also 
frequently dys-regulated in cancer, undergoing transcription factor and epigenetic 
regulation as well, but whose mechanism of action is essentially still unknown [ 7 ]. 
Intriguingly, it has been shown that in addition to targeting mRNAs, miRNAs are 
also able to directly target T-UCRs [ 7 ]. This discovery reveals a network of cross- 
regulation among different members of the ncRNA family and adds a layer of com-
plexity to gene expression regulation. In the last years we have assisted at the 
identifi cation of a plethora of other ncRNAs, relevant to cancer and in some cases 
with well-defi ned mechanisms of action. For this reason, a specifi c chapter will be 
dedicated to these non-miRNA ncRNAs and their implications in human carcino-
genesis. The last few years have been particularly exciting in the fi eld of ncRNAs, 
since new mechanisms of action for miRNAs have been identifi ed and the results of 
the fi rst miRNA-based clinical trial conducted in patients affected by HCV have 
been published [ 8 ]. An increasing interest is currently geared towards exosomes, 
microvesicles released by all cells (including cancer cells), their content, and the 
signifi cance of exosome cargo for intercellular communication. MiRNAs have been 
identifi ed in cancer-released exosomes [ 9 ], and it has been shown that they can be 
secreted by cancer cells and engulfed by surrounding immune cells expressing Toll- 
like receptor 8 (TLR8). Interestingly, exosomic miRNAs (specifi cally miR-21 and 
miR-29a) are able to bind to and activate TLR8 in the cancer-surrounding immune 
cells, in a paracrine, ligand-like fashion, and induce the secretion of pro- infl ammatory 
and pro-tumoral cytokines [ 10 ]. This discovery showed that miRNAs can actually 
also function as ligands for receptors and modulate the intercellular signaling within 
the tumor microenvironment. Also, circulating miRNAs can be successfully used to 
identify cancer patients from healthy individuals, and they can predict prognosis 
and response to treatment in certain cases, revealing a role as diagnostic, prognostic, 
and predictive-of-response-to-treatment cancer biomarkers. Exciting times are 
ahead of the research in the ncRNA fi eld. Lots of efforts are put in the creation of 
nanoparticles specifi cally designed to target and release their content in cancer cells. 
The creation of nanoparticles delivering specifi c cocktails of miRNAs (and/or other 
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ncRNAs) able to interfere with cancer growth and metastatization represents an 
appealing yet-not-too-far-to-come perspective in cancer therapy. In parallel, several 
groups are investigating the effects of currently used drugs in modulating the miR-
Nome. These studies are providing the rationale for new drug combinations and/or 
miRNA–drug combinations in the treatment of tumors. Finally, several lines of evi-
dence reveal that ncRNAs are involved in the development of resistance to therapy, 
which is essentially the main cause of insuccess in the treatment of cancer. The 
ability to revert these therapy resistance mechanisms will provide new (and hope-
fully also less toxic) treatments against cancer and will provide cancer patients with 
a new realistic hope to fi nally be cured.    
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    Abstract       MicroRNAs (miRNAs) are small noncoding RNAs 17–25 nucleotides 
long that control gene expression by promoting degradation or repressing transla-
tion of target mRNAs. Since each miRNA regulates the expression of hundreds of 
target mRNAs, miRNAs can be seen as master-coordinators, effi ciently regulating 
fundamental cellular processes such as proliferation, apoptosis, and development. 
MiRNAs are synthesized in the cell through a multistep coordinated process that 
starts in the nucleus and proceeds to the cytoplasm culminating with the production 
of the biological active form, the miRNA. This maturation process consists of a 
series of biochemical steps that convert the primary miRNA transcript into an inter-
mediate precursor miRNA hairpin and culminates with the formation of the mature 
miRNA. The spatiotemporal control of miRNA abundance is made possible, in part, 
by the regulation of its biosynthesis pathway, where alterations can lead to global 
miRNA deregulation. Since miRNAs are involved in a broad range of developmen-
tal and physiological processes their deregulation appears to play a fundamental 
role in the onset, progression, and dissemination of many cancers as well as in many 
other human diseases.  

  Keywords       miRNAs     •   Biogenesis     •   Maturation     •   Drosha     •   Dicer     •   Cropping     •   Dicing     
•   Slicing  
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2.1                    MicroRNAs 

2.1.1     Defi nition and Genomic Organization 

 MicroRNAs (miRNAs) are a class of small (17–25 nucleotide; nt), single-stranded 
noncoding RNAs that control gene expression in animals, plants, and unicellular 
eukaryotes that have emerged as key posttranscriptional regulators of gene expression 
[ 1 – 3 ]. The fi rst studied miRNA gene was lin-4, which was identifi ed in  C .  elegans  in 
1993 by Victor Ambros and colleagues during genetic studies of defects in larval 
development [ 4 ]. Seven years later, Reinhart et al. discovered a second 22-nucleotide 
small RNA, let-7, a gene that was also involved in  C .  elegans  developmental timing 
[ 5 ]. These reports found that the 22-nt lin-4 and 21-nt let-7 are both translational 
repressors of mRNAs [ 4 ,  5 ]. These small molecules gained the attention of the scien-
tifi c community for two main reasons: homologs of the let-7 gene were identifi ed in 
other animals including humans that suggested an important and fundamental bio-
logical role for this small RNA; likewise RNA interference (RNAi) was discovered 
at that time, and it became clear that both pathways were linked and shared common 
components. Within the following year, more than 100 additional small RNAs were 
identifi ed in worms, Drosophila, and in humans [ 6 ]. Currently, more than 18,226 
miRNAs from 50 organisms are registered in the miRNA database (  http://www.mir-
base.org/    ). These small RNAs have emerged as key posttranscriptional regulators of 
gene expression controlling about ~60 % of all protein-coding genes in mammals. 
Thus, miRNAs participate in the regulation of almost every cellular event such as 
development, differentiation, proliferation, and apoptosis. 

 The genomic distribution of miRNA genes is characterized by the presence of 
families of several identical or closely related mature miRNAs, encoded within the 
same genomic cluster. Therefore it is expected that a certain degree of redundancy 
will exist among miRNAs [ 7 ,  8 ]. In humans approximately 50 % of known human 
miRNAs are found in clusters and they are transcribed as polycistronic primary 
transcripts [ 6 ,  9 ]. There are usually two or three genes per cluster and the largest 
cluster, at 13q31, is composed of seven [ 10 ,  11 ]. This genomic organization confers 
simultaneous expression of similar miRNAs, possibly leading to a synergistic effect 
in their ultimate function. Moreover, a signifi cant portion of miRNAs are located in 
the intronic region of protein-coding and/or -noncoding transcription units, whereas 
a minor subset of miRNAs are mapped to repetitive sequences such as long inter-
spersed nuclear elements [ 12 ,  13 ]. There are four groups of miRNA genes accord-
ing to their genomic location: intronic miRNA in noncoding transcription units; 
exonic miRNA in noncoding transcription units; intronic miRNA in protein-coding 
transcript units or exonic miRNAs in protein-coding transcripts (Fig.  2.1 ). About 
one-third of miRNA genes are located in the introns of protein-coding genes; these 
are found on the sense strand, implying some linkage of miRNA and host mRNA 
transcription [ 12 ,  14 ]. Human miRNAs are located in all chromosomes except Y 
chromosome and they are nonrandomly distributed in the human genome.

C.A. Melo and S.A. Melo
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2.2         Biogenesis and Maturation of MicroRNAs 

 The biosynthesis of miRNAs is a tightly regulated multistep process that starts in 
the nucleus of the cell, following transcription, and continues through the cytoplasm 
where fi nally the mature miRNA molecule exerts its main function (Fig.  2.2 ). Each 
one of the multiple steps that compose miRNA biosynthesis seems to be remarkably 
well coordinated. Drosha initiates the processing by specifi c cropping of the stem–
loop precursor in the nucleus [ 15 ]. The resulting structure, precursor miRNA (pre- 
miRNA), seems to be a signature motif for all dsRNAs that are involved in 
small-RNA pathways. Exportin-5 recognizes this signature motif and exports pre- 
miRNAs to the cytoplasm through nuclear pores on a GTP–GDP gradient [ 16 ,  17 ]. 
Following export, pre-miRNA is handed over to another RNase III enzyme, Dicer, 
that dices the pre-miRNA into a miRNA duplex that is further unwinded giving rise 
to the mature functional miRNA molecule.

  Fig. 2.1    MicroRNA genomic 
location and gene structure. 
MicroRNAs can be 
categorized into four groups 
according to their genomic 
location: ( a ) MiRNAs located 
in introns of noncoding 
transcripts, ( b ) miRNAs 
located in exons of noncoding 
transcripts, ( c ) miRNAs in 
introns of protein-coding 
transcripts, and ( d ) miRNAs 
in exons of protein-coding 
transcripts       
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  Fig. 2.2    MicroRNA biogenesis pathway. Long primary transcripts (pri-miRNAs) containing one 
or several miRNAs are transcribed by RNA polymerase II and cleaved by the microprocessor 
complex, containing at least Drosha (RNAase III endonuclease) and DGCR8 in humans (a double- 
stranded RNA-binding protein). This complex recognizes the double-stranded RNA structure of 
the pri-miRNA and specifi cally cleaves at the base of the stem–loop, hence releasing a 60- to 
70-nucleotide precursor (pre)-miRNA. This pre-miRNA is then exported through the exportin-5 
pathway into the cytoplasm where it is further processed into a mature miR/miR* duplex by 
DICER1, a second RNase III endonuclease together with its catalytic partner TAR-binding protein 
(TRBP). The miR/miR* duplex is then loaded into a multicomponent complex, the RNA-induced 
silencing complex (RISC), constituted of at least TRBP, DICER1, and one Argonaute (Ago2 in 
human). The miR serves as a guide for target recognition while the miR* passenger strand is 
cleaved by Ago2. Most of animal miRNAs harbor an imperfect homology with their targets and, 
therefore, inhibit translation by an RISC-dependent mechanism       
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2.2.1       Canonical Versus Noncanonical Processing 
of MicroRNAs 

2.2.1.1     MiRNA Transcription and Drosha “Cropping” 

 The biogenesis of a miRNA begins with the synthesis of a long transcript known as 
primary miRNA (pri-miRNA). The promoter region of autonomously expressed 
miRNA genes is highly similar to that of protein-coding genes [ 18 ,  19 ]. pri- miRNAs 
are typically (although not exclusively) transcribed by RNA polymerase II, which 
generates the pri-miRNA that consists of one or more hairpin structures, each com-
posed of a stem and a terminal loop. pri-miRNAs are structurally analogous to 
mRNAs; they are 5′-capped and spliced and bear a 3′ poly-A tail, and they often can 
produce more than one functional miRNA [ 20 – 23 ]. However, other pathways gen-
erate a minor set of miRNAs, especially from genomic repeats (i.e., Alu repeats) 
whose transcription is carried out by RNA polymerase III [ 24 ]. 

 In the canonical miRNA biogenesis pathway the fi rst step of miRNA matura-
tion starts in the nucleus where the pri-miRNA is “cropped” into a ~70 nt hairpin- 
structured pre-miRNA. This phenomenon is catalyzed by a multiprotein complex 
called the microprocessor. The core components of this complex are Drosha, an 
RNase III enzyme, together with its interacting partner DGCR8 (DiGeorge syn-
drome critical region gene 8), a double-stranded RNA-binding domain (dsRBD) 
protein [ 15 ,  25 ,  26 ]. The DGCR8 protein recognizes the stem and the fl anking 
single- stranded RNA (ssRNA) and serves as a ruler for Drosha to cut the stem 
approximately 11 nt away from the stem–ssRNA junction releasing the pre-
miRNA [ 27 ]. The pre-miRNA has a 5′ phosphate and a 2 nt 3′ overhang, charac-
teristic for RNase III endonuclease products [ 15 ,  28 ]. RNase III enzymes, like 
Drosha, are a family of double-stranded RNA (dsRNA) ribonucleases that are 
expressed in all living cells [ 29 ]. The microprocessor appears to represent a het-
erotetramer consisting of two Drosha and two DGCR8 molecules. Importantly, the 
~120 kDa DGCR8 protein contains two consensus dsRNA-binding domains; thus 
DGCR8 may play a critical role in mediating pri-miRNA recognition and/or bind-
ing by the microprocessor complex. Moreover DGCR8 gene is located in a region 
of chromosome 22 that is monoallelically deleted in patients suffering from a rela-
tively common and very complex genetic disease termed DiGeorge syndrome that 
raises the possibility of the existence of a link between DiGeorge syndrome and 
global impairment of miRNA processing [ 30 ]. Other cofactors play an important 
role on the action of the microprocessor complex, including the DEAD box RNA 
helicases p68 (DDX5) and p72 (DDX17), as well as heterogenous ribonucleopro-
teins (hnRNPs) [ 26 ]. All the components of this complex are necessary for pri-
miRNA processing in vivo, as reduction on the level of either Drosha or DGCR8 
led to the reduction of both pre- miRNAs and mature miRNAs [ 25 ,  26 ]. Drosha 
cleavage generates a product with a 2 nt 3′ overhang that is recognized by expor-
tin-5 (XPO5), which transports the pre- miRNA into the cytoplasm through a Ran-
GTP-dependent mechanism [ 21 ,  31 ]. 

2 Biogenesis and Physiology of MicroRNAs
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 While most miRNAs are generated through the concerted action of the referred 
enzymes, some animal miRNAs adopt alternative pathways for their maturation. 
A particular subset of miRNAs known as mirtrons are pre-miRNA-like hairpins that 
bypass the Drosha requirement step by splicing and debranching of short-hairpin 
introns [ 32 – 34 ]. Mirtron products appear as pre-miRNA mimics from splicing reac-
tion and enter the canonical biogenesis pathway as XPO5 substrates. Also, some 
small nucleolar RNAs (snoRNAs), transfer RNAs (tRNAs), and endogenous short- 
hairpin RNAs (shRNAs) are also processed into miRNA-like molecules indepen-
dently of the microprocessor complex [ 35 – 38 ]. In addition terminal hairpins of 
endogenous siRNA long-stem–loop precursors are another source of miRNAs that 
do not go through the Drosha processing step [ 39 ]. Therefore, despite Drosha pro-
cessing being the main route by which biosynthesis of miRNAs takes place in the 
nucleus, some miRNAs have been described to bypass the microprocessor step and 
enter the biogenesis pathway directly to XPO5.  

2.2.1.2     Nuclear Export and Cytoplasmic Processing of MicroRNAs 

 Following nuclear processing by Drosha the pre-miRNA is recognized by exportin-
 5 and transits to the cytoplasm to be further processed [ 16 ,  17 ]. Owing to compart-
mentalization of the processing events, nuclear export of pre-miRNAs is a crucial 
step in miRNA biogenesis [ 40 ,  41 ]. Although XPO5 was originally known as a 
minor export factor for tRNAs, the major cargos of XPO5 turned out to be pre- 
miRNAs. Exportin-5 is a member of the karyopherin family of nucleocytoplasmic 
transport factors that depend on their cofactor Ran for their function. As with other 
nuclear transport receptors, XPO5 binds cooperatively to its cargo and the GTP- 
bound form of the cofactor Ran in the nucleus, and releases the cargo following the 
hydrolysis of GTP in the cytoplasm. Ran is a GTPase that binds in the GTP-bound 
form to karyopherins (XPO5 in this case) and forms a heterotrimer with pre- 
miRNAs [ 16 ,  17 ]. The XPO5/Ran-GTP heterodimer binds small RNAs bearing a 
terminal ≥16 nt and a short 3′ overhang, i.e., precisely the structure of the pre- 
miRNA [ 42 ]. Knockdown experiments of XPO5 showed little effect on the level of 
expression of the pri-miRNAs, but did signifi cantly reduce the level of expression 
of the mature miRNA [ 17 ]. Loss and mutation of XPO5 also lead to the nuclear 
retention of pre-miRNAs [ 43 ]. These results identify the major function of XPO5, 
as a pre-miRNA nuclear exporter, and defi ne it as a cofactor for miRNA biogenesis 
and function [ 16 ,  17 ]. 

 Once liberated in the cytoplasm, pre-miRNAs are subsequently processed into 
~22 nt miRNA duplexes by the cytoplasmic RNase III Dicer together with its 
catalytic partner  Trans -activator RNA (tar)-binding protein (TRBP) [ 44 – 48 ]. Dicer 
has a single processing center with intramolecular dimerization of the two RNase III 
domains. Each RNase domain cuts independently one RNA strand of the duplex and 
generates products with 2-nt 3′ overhangs [ 49 ]. Mammalian cells have a single 
Dicer protein, with a molecular weight of ~200 kDa. Dicer contains an ATPase/RNA 
helicase domain, a DUF domain (a divergent dsRBD), a PAZ domain (a nucleic 

C.A. Melo and S.A. Melo
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acid-binding domain, with a strong preference for single-stranded nucleic acids or 
RNA duplexes with single-stranded 3′ overhangs), two RNase III domains, and a 
dsRBD [ 44 ]. The PAZ domain of Dicer, also found in Argonaute proteins, is thought 
to bind to the 2 nt 3′ overhang present at the base of the pre-miRNA hairpin, and the 
dsRBD of Dicer binds the stem and defi nes the distance of the cleavage from the 
base [ 50 ]. The two strands of the duplex are separated by Dicer and the strand 
whose 5′ end forms the more unstable duplex with its partner seems to preferen-
tially survive as the mature miRNA [ 27 ,  51 – 53 ]. Dicer knockout (Dcr −/− ) mice and 
cells are not viable, indicating a key role for this protein during developmental and 
normal cell function [ 44 ]. 

 Dicer associates with several other proteins including TRBP and Argonaute family. 
TRBP protein is necessary for RNAi function; nonetheless TRBP is not required for 
the cleavage reaction itself; instead, it has various roles in maintaining Dicer stabil-
ity and “dicing” action on the cytoplasm [ 54 – 57 ]. The TRBP C-terminal–Dicer 
interaction and its function as part of the RNA-induced silencing complex (RISC) 
have been identifi ed as an important component of the RNAi pathway [ 58 ]. TRBP 
binds Dicer in the amino-terminal DExD/H-box helicase domain and activates 
Dicer through a conformational rearrangement [ 59 ]. Following Dicer/TRBP cleav-
age, the resulting ~22-nt RNA duplex is loaded onto Argonaute proteins so as to 
generate the effector complex, RISC. RISC is the cytoplasmic effector machine of 
the miRNA pathway and contains a single-stranded miRNA guiding it to its target 
mRNAs. 

 Cytoplasmic miRNA processing and RISC assembly are mediated by the RISC 
loading complex (RLC). RLC is a multi-protein complex composed of Dicer, TRBP, 
and the core component Argonaute-2 (AGO2), which also mediates RISC effects on 
mRNA targets [ 60 ,  61 ]. The slicer activity of AGO2 cleaves the 3′ arm of the hair-
pin in the middle to generate a nicked hairpin, producing the AGO2-cleaved pre- 
miRNA [ 62 ]. 

 Recently a Dicer-independent AGO2-dependent mechanism has been described 
for miR-451 [ 63 ,  64 ]. The precursor miR-451 (pre-miR-451) has an unusual sec-
ondary structure with a predicted stem of only 17 nt in length that seems to be too 
short to serve as substrate for Dicer, which requires >19 nt stem in addition to a 2 nt 
3′ overhang for effi cient hairpin cleavage [ 65 ,  66 ]. Thus it has given rise to a con-
served miRNA biogenesis pathway that requires AGO2 catalysis [ 63 ,  64 ]. The 
conserved miR-451 matures by direct cleavage of its corresponding pre-miRNA via 
the “slicer” activity of AGO2 [ 63 ,  64 ].  

2.2.1.3     MicroRNAs and Posttranscriptional Regulation 
of Gene Expression 

 The small size of miRNAs provides a limited amount of sequence information for 
specifi city. Partial base-pairing between a miRNA and its target mRNA is suffi cient 
for repression and/or degradation of the target; thus a wide net of mRNAs can be 
regulated by the same miRNA. MiRNAs select mRNA targets for downregulation 
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through the association with a large, multi-protein complex, the RISC. This selection 
requires the presence of sequences within the target mRNA which are imperfectly 
complementary to the miRNA sequence. MiRNA-binding sites commonly occur 
within the 3′-untranslated region (3′-UTR) of the mRNA, but functional miRNA-
binding sites can also occur with the 5′UTR or coding region [ 67 ,  68 ]. 

 The 3′-UTRs of messenger RNAs serve as docking platforms for miRNAs and 
RNA-binding proteins, which control mRNA stability, localization, and translation 
[ 69 ,  70 ]. The most common feature is perfect base-pairing between nucleotides 2 
and 7 at the 5′ end of the miRNA, which is called the “seed” sequence, and the tar-
get site [ 69 ]. There is still a great deal of uncertainty regarding the exact composi-
tion of the miRNA complex as well as the mechanisms used to control target gene 
expression. What is known is that miRISC inhibits the expression of mRNAs basi-
cally in one of the two ways depending on the degree of complementarity between 
miRNA and the target. There are mismatches and bulges in most miRNA target 
sites; therefore the degree of complementarity between the miRNA and the target is 
thought to be a major determinant in distinguishing the two mechanisms of post-
transcriptional silencing: translation inhibition or mRNA degradation. Several other 
mechanisms have been however documented, including translational inhibition at 
the level of initiation and elongation, rapid degradation of the nascent peptide, and 
mRNA degradation (Fig.  2.3 ). The core component of the mRNP complex is the 
Argonaute protein and in mammals one of the four Argonaute proteins (AGO1-4) is 
recruited into the complex. AGO2 is the only Argonaute with “slicer” activity and 
is responsible for the cleavage of the mRNA target midway into the complementary 
region. Other proteins are also essential for this silencing complex to work, such as 
the RNA-binding protein fragile-X-mental-retardation protein (FMRP), the p-body 
marker GW182, and the decapping activator RCK/p54, which likely dictate how the 
silencing of the mRNA target will occur [ 71 – 76 ].

2.3          Regulation of MicroRNA Biogenesis 

 Most miRNAs are under the control of developmental and tissue-specifi c signaling 
[ 77 ]. Stringent control of miRNA levels is crucial to maintain normal cellular func-
tions, and deregulation of miRNA expression is often associated with human dis-
eases, such as cancer [ 78 ]. Therefore it is highly important to have the maturation 
pathway of miRNAs subject to intense regulation at various levels, from stability, 
processing, sequence identity, and binding to target mRNAs. Likewise the miRNA 
biogenesis pathway is often subjected to feedback regulation. These autoregulatory 
feedback loops are a common mechanism particularly important in cell fate deter-
mination and development. MiRNAs are perfectly suited to participate in these net-
works owing to their potential to directly repress mRNAs that encode factors 
involved in the biogenesis or function of the same miRNAs. The control of the 
miRNA biosynthesis pathway is emerging as an important mechanism in defi ning 
the spatiotemporal pattern of miRNA expression in cancer cells. Interestingly 
 transcriptional regulation is probably the main control mechanism. 
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  Fig. 2.3    Mechanisms of action of miRNAs. The silencing mechanisms modulated by miRNAs 
remain under debate. The ones clarifi ed until now involve translational repression, degradation, 
and/or deadenylation of target mRNAs, as well as cotranslational protein degradation       

 

2 Biogenesis and Physiology of MicroRNAs



14

2.3.1     Regulation of MicroRNA Transcription 

 Transcription is a major point of regulation in miRNA biogenesis. Many characteristics 
of miRNA gene promoters, such as the existence of CpG islands, TATA box, TFIIB 
recognition, initiator elements, and histone modifi cations, are similar to the promot-
ers of protein-coding genes; therefore the same mechanisms of gene expression 
control are applicable to miRNAs [ 18 ,  19 ]. MiRNA genes can be transcribed by 
RNA polymerase II or III; as both RNA polymerases are regulated differently and 
recognize specifi c promoter and terminator elements, they facilitate a wide range of 
regulatory options. In addition, many miRNAs are encoded in the genome as clus-
ters and can be transcribed as long polycistronic primary transcripts; however it has 
been shown that each miRNA located in the same genomic cluster can be tran-
scribed and regulated independently [ 79 ,  80 ]. 

 MiRNA genes also contain DNA-binding factors that can be regulated by the 
action of transcription factors such as p53 and c-myc, as well as MEF2, PU.1, and 
REST [ 81 – 84 ]. The tumor-suppressor p53 activates the miR-34 family of miRNAs, 
whereas the oncogenic protein c-myc transactivates or represses a number of miR-
NAs that are involved in the cell cycle and apoptosis [ 11 ,  85 ]. It is well demon-
strated that c-myc binds to E-boxes and activates transcription of the miR-17-92 
cluster [ 84 ]. Consistent with the c-myc activation in tumors, miR-17-92 is often 
highly expressed in tumors [ 86 ]. Moreover, c-myc is shown to increase transcription 
of Lin-28B that mediates the posttranscriptional repression of let-7 miRNA family 
members [ 87 ]. Furthermore, transcription activation can occur in response to growth 
factor stimulation, including platelet-derived growth factor (PDGF), transforming 
growth factor-β (TGF-β), and bone-derived neurotrophic factor [ 19 ,  84 ,  88 – 90 ]. 

 Epigenetic control also contributes to miRNA gene regulation through the meth-
ylation of CpG islands at the promoter of miRNA genes that silences their transcrip-
tion [ 91 – 93 ]. MiRNA promoters are also regulated by histone modifi cations during 
development and disease [ 94 ].  

2.3.2     Regulation of the Cropping, Dicing, and Slicing Events 

 Drosha processing (cropping) constitutes an important point of regulation. The total 
levels of Drosha and DGCR8 in the cell are tightly controlled and play a role in the 
regulation of pri-miRNA processing. DGCR8 protein has a stabilizing effect on 
Drosha through the interaction with its middle domain, whereas Drosha controls 
DGCR8 levels by cleaving hairpins present in the DGCR8 mRNA, thereby inducing 
its degradation [ 95 ,  96 ]. Therefore a tight equilibrium needs to exist between the 
amounts of Drosha and DGCR8 to maintain the processing of pri-miRNAs fl owing. 
In addition SMAD proteins, activated by BMP/TGFβ, interact with Drosha and 
DDX5/p68 stimulating Drosha processing [ 97 ]. Likewise it was recently described 
that the tumor-suppressor breast cancer 1 (BRCA1) accelerates the processing of 
pri-miRNAs by direct interaction with Drosha and DDX5 [ 98 ]. In addition the 
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authors described that BRCA1 recognizes the pri-miRNA secondary structure and 
directly binds the pri-miRNA before Drosha interaction [ 98 ]. 

 In the cytoplasm accumulation of Dicer is dependent on its partner TRBP, and a 
decrease in TRBP leads to Dicer destabilization and pre-miRNA processing impair-
ment [ 54 ,  55 ,  99 ]. Truncating mutations of TRBP that cause lower TRBP protein 
expression are associated with both a defect in the processing of miRNAs and desta-
bilization of the Dicer protein [ 54 ]. TRBP itself is stabilized by phosphorylation 
mediated by mitogen-activated protein kinase (MAPK)/extracellular regulated 
kinase (ERK) [ 99 ]. Notably, let-7 and miR-107 can target Dicer mRNA forming a 
feedback loop with the potential to infl uence miRNA biogenesis at the Dicer dicing 
step [ 68 ,  100 ]. 

 Moreover, there are a signifi cant number of RNA-binding proteins that infl uence 
miRNA processing at the Drosha and Dicer levels through specifi c interaction with 
a subset of pri-miRNAs or pre-miRNAs. The RNA-binding protein LIN28 is the 
best-studied negative regulator of miRNA biogenesis, which can act at different 
levels. LIN-28 binding to the terminal loop of pri-let-7 interferes with cleavage by 
Drosha; likewise binding of LIN-28 to the pre-let-7 can also block its processing by 
Dicer through polyuridylation of pre-let-7 performed by the enzyme TUT4 [ 101 –
 105 ]. In addition, Kedde and colleagues demonstrated that the expression of dead 
end 1 protein (Dnd1), an evolutionary conserved RNA-binding protein, counteracts 
the function of several miRNAs in human cells and in primordial germ cells of 
zebrafi sh by binding mRNAs and prohibiting miRNAs from associating with their 
target sites. These effects of Dnd1 are mediated through uridine-rich regions present 
in the miRNA-targeted mRNAs [ 106 ]. Likewise, the RNA-binding protein RBM38 
has been described to control miRNA access to target mRNAs [ 107 ]. Target selec-
tivity is determined by the interaction of RBM38 with uridine-rich regions near 
miRNA target sequences [ 107 ]. 

 RNA editing is another possible way of regulating miRNA biogenesis through 
the action of adenosine deaminases acting on RNA (ADARs), enzymes that mod-
ify adenosine (A) into inosine (I). Adenosine-to-inosine editing of pri-miRNAs 
can lead to changes in miRNA stability or alter their target selection [ 108 ]. Editing 
can also change the target specifi city of the miRNA if it occurs in miRNA 
sequences [ 108 ].   

2.4     Biological Roles of MicroRNAs 

 The importance of faithful miRNA expression has been involved in numerous cel-
lular events during animal development where it is pivotal for the timing and regula-
tion of many key processes such as cell fate determination, proliferation, and cell 
death [ 109 ]. In addition to these vital processes, miRNAs are implicated in other 
multiple biological functions, such as immune response, insulin secretion, neu-
rotransmitter synthesis, circadian rhythm, and viral replication [ 110 – 113 ]. This list 
will undoubtedly expand as experimental data accumulates. 
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 Representative examples of the wide scope of miRNA regulation are found in the 
miRNA let-7, a miRNA critical for developmental timing [ 5 ]; a developmentally 
regulated miRNA, bantam, that controls cell proliferation via regulation of apoptosis 
[ 114 ]; miRNAs that control ES cell differentiation by stabilizing the self- renewing 
versus differentiated cell fates [ 115 ]; and stem cell division      [ 116 ]. Specifi cally, let-7 
miRNA is essential for normal development and has a temporally regulated expres-
sion pattern. The misexpression of let-7 has been linked to several types of human 
cancer. Other examples are miR-196, which is involved in hind limb development 
[ 117 ], and the brain-specifi c miR-134, which is necessary for synaptic development 
and plasticity [ 118 ]. Skin differentiation is promoted by miR-203, which represses 
p63 in stratifi ed epithelial tissues, while precise levels of miR-1 are critical in car-
diogenesis [ 119 ]. Normal immune function is dependent on miR-155 and B-cell 
differentiation is controlled by miR-150-mediated repression of the transcription 
factor c-Myb [ 120 ,  121 ]. In addition, the pancreatic islet cell-specifi c miR- 375 reg-
ulates insulin secretion by inhibiting myotrophin, a component of the exocytosis 
pathway [ 110 ]. 

 Recent studies implicated miRNAs with several different diseases besides can-
cer. MiRNAs are not only required for the development of early embryonic stem 
cell survival and differentiation, but also plays an important role in maintaining the 
survival of mature neurons and their function. In neurological diseases, the loss of 
miR-20a/b-1 cluster has been implicated in Alzheimer’s disease and the loss of 
miR-133b may contribute to the decrease in dopaminergic neurons seen in 
Parkinson’s disease [ 122 ,  123 ]. In heart disease the expression of miR-21 in cardiac 
fi broblasts contributes to interstitial fi brosis and cardiac hypertrophy, while miR-1 
and miR-133 in cardiomyocytes protect against hypertrophy [ 124 ]. It was also 
shown that autosomal dominant progressive hearing loss is a consequence of point 
mutations in the seed region of miR-96, a miRNA expressed in hair cells of the 
inner ear [ 125 ]. Therefore miRNAs have been found deregulated in a wide range of 
human diseases but specifi cally have been described to play an important role in 
human cancer. However, it remains uncertain whether altered miRNA expression is 
a cause or a consequence of pathological processes.  

2.5     MicroRNA Biogenesis and Cancer 

2.5.1     Oncogenic or Tumor-Suppressor MicroRNAs 

 In line with their broad effects, miRNAs have been proposed to function as onco-
genes or tumor-suppressor genes given their inhibition of a variety of tumor- 
suppressive and oncogenic mRNAs, respectively [ 126 ,  127 ]. Overexpressed 
miRNAs in cancer, such as miR-17-92, may function as oncogenes and promote 
cancer development by negatively regulating tumor-suppressor genes and/or genes 
that control cell differentiation or apoptosis. Non-expressed or low-expressed miR-
NAs in cancer, such as let-7, function as tumor-suppressor genes and may inhibit 
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cancers by regulating oncogenes. In particular, three distinct mechanisms have been 
posited. First, oncogenic miRNAs can undergo a gain of function in tumors. This 
has been more clearly demonstrated for the miR-17 ~ 92 cluster, whose amplifi ca-
tion in B-cell lymphomas promotes their development, potentially through its con-
trol of B-cell differentiation [ 11 ,  128 ]. Furthermore, tumor-suppressive miRNAs 
could undergo loss of function in tumors. This has been shown for several miRNAs, 
including the let-7 family, whose expression can limit tumorigenesis through inhibi-
tion of oncogenes like the  RAS  family and  HMGA2  [ 129 ,  130 ]. In particular, let-7 
family members are in sites frequently deleted in human tumors, and their process-
ing is inhibited by the oncogenic Lin-28 proteins [ 103 ,  131 ,  132 ]. Finally, onco-
genes can acquire mutations to remove miRNA-binding sites in tumors. This has 
been described for  HMGA2 , whose translocation promotes lipoma development by 
releasing the transcript from let-7-mediated tumor suppression [ 133 ]. Furthermore, 
Voorhoeve and colleagues have identifi ed miR-372 and miR-373 as oncogenes in 
human testicular germ cell tumors by numbing the p53 pathway [ 134 ]. These miR-
NAs neutralize p53-mediated CDK inhibition, possibly through direct inhibition of 
the expression of the tumor-suppressor LATS2 [ 134 ].  

2.5.2     Impairment of MicroRNA Biogenesis in Cancer 

 Widespread downregulation of miRNAs is a common feature of human cancers 
when compared with normal tissues [ 135 ]. Whether this tendency is a refl ection of 
a pattern associated with specifi c cells of origin, is a consequence of the malignant 
state, or actively contributes to cancer development is still unclear. Two main mech-
anisms have been proposed as the cause of the global downregulation of miRNAs in 
cancer. One is related with transcriptional repression by oncogenic transcription 
factors like MYC oncoprotein [ 85 ]. The other mechanism involves impaired miRNA 
biogenesis and is based on the observation that cancer cells often display reduced 
levels of proteins involved in the miRNA biogenesis pathway [ 136 ]. In addition, 
global repression of miRNA biogenesis by suppression of the key components of 
miRNA processing machinery, such as Drosha, DGCR8, Dicer, TRBP, and XPO5, 
promotes cellular transformation and tumorigenesis [ 43 ,  54 ,  85 ,  137 ]. While the 
mechanism(s) remains to be fully elucidated, it suggests that miRNAs might have 
an intrinsic function in tumor suppression and its downregulation eventually accel-
erates oncogenesis. 

 After transcription, global levels of miRNAs can be reduced by impaired miRNA 
biogenesis. Inactivating mutations and reduced expression have been described for 
almost all the members of the miRNA processing machinery. Furthermore the exis-
tence of frameshift mutations in the TARBP2 and XPO5 genes in cancer cell lines 
and primary tumors has been recently reported [ 43 ,  54 ,  138 ]. These genetic altera-
tions in miRNA biogenesis genes are associated with nonfunctional truncated forms 
of both proteins. The fi rst mutation to be described was in the TARBP2 gene that 
codes for the TRBP protein, the catalytic partner of Dicer. Frameshift mutations in 
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TARBP2 result in monoallelic expression of wild-type TRBP. Thus, due to TRBP 
downregulation Dicer protein is destabilized slowing down the dicing process of 
pre-miRNAs culminating in a global downregulation of miRNAs due to impaired 
processing [ 54 ]. Likewise, the mutations found in exon 32 of XPO5 alter and trun-
cate the protein sequence and prevent XPO5 from associating with its pre-miRNA 
cargo and exiting the nucleus (Fig.  2.4 ). In XPO5 heterozygous mutant cells, less 
pre-miRNA was accessible to processing by the cytoplasmic machinery, resulting in 
decreased mature miRNA levels and enhanced tumorigenicity. Many pre-miRNAs 
are also targeted by ADARs at various stages of their processing, and the modifi ca-
tion can also prevent export of pre-miRNAs. In addition germline truncating muta-
tions in Dicer, that is essential for processing miRNAs, have been observed in 
families with the pleuropulmonary blastoma family tumor and dysplasia syndrome 
[ 139 ]. Recent work has suggested that other components of the miRNA biogenesis 
pathway, Dicer and TARBP2, are haploinsuffi cient tumor suppressors [ 54 ,  140 ]. 
Moreover, biallelic deletion was found to impair cell viability, hence preventing the 
phenomenon of loss-of-heterozygosity (LOH) [ 140 ]. This is also the case for XPO5, 

  Fig. 2.4    Impairment of miRNA biogenesis in cancer at the exportin-5 step. ( a ) In a normal setting 
the formation of a heterotetrameric complex between XPO5/Ran/GTP/pre-miRNA results in 
export of the pre-miRNA from the nucelus to the cytoplasm to be further processed. ( b ) In cancer, 
heterozygous frameshift mutations in the XPO5 gene lead to a truncated form of the XPO5 protein 
that does not recognize/bind the pre-miRNA molecule, therefore preventing the formation of a 
functional XPO5/Ran/GTP/pre-miRNA complex and its translocation from the nucleus to the 
cytoplasm ( right panel )       
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where mimicking LOH by RNA interference against the XPO5 wild-type transcript 
rendered cells unviable [ 43 ]. In addition, the miRISC components AGO2, TNRC6A, 
and TNRC6C can also be mutated in cancer, although the functional consequences 
remain to be evaluated [ 138 ].

   Two other groups have also reported the accumulation of let7 miRNA precursors 
at various stages during fruit fl y and sea urchin development [ 46 ,  141 ]. Although 
this could represent a defect in RNA processing, it is also possible that the nuclear 
export of the let7 precursor, and hence access to cytoplasmic Dicer and TRBP, is 
developmentally regulated. 

 Hence, it is possible that global dys-regulation of miRNAs in cancer has its roots 
in impaired miRNA processing through genetic mutations of their components con-
tributing to cancer progression.     
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    Abstract     Detection and quantifi cation of noncoding(nc) RNA species can present 
specifi c challenges as compared to mRNA. Among them, ncRNA sequences are 
generally less well annotated, can include extraordinarily small species such as 
miRNA or piRNA, can have repetitive sequences or have high GC content, or even 
have antisense expression. Despite this, many different traditional technologies 
have been adapted to measure ncRNAs and include those based on a priori knowl-
edge of sequence such as probe detection (qRT-PCR) and hybridization (arrays), 
and those where such knowledge is not required (next-generation sequencing). 
A summary of these experimental techniques is reviewed in this chapter, including 
the available chemistries, throughput, starting material, and species interrogated. 
Subsequent focus is on the computational analysis for next-generation sequencing 
since this technology can not only detect and measure ncRNAs but more excitingly 
also lead to the discovery of new or isomeric forms.  
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3.1         Introduction 

    There are many different technologies currently available for ncRNA detection 
which are essentially refl ective of, and adapted from, those used to measure coding 
RNAs. Traditional older methods of RNA detection and quantifi cation such as in 
situ hybridization [ 1 ] and northern blot [ 2 ] are indeed applicable to noncoding spe-
cies, both large and small; however, this chapter focuses on more modern and higher 
throughput methods. ncRNA detection methods can be considered in two broad 
groups: those based on prior knowledge and annotation of sequences (i.e., probe 
based detection like qRT-PCR [ 3 ], microarrays [ 4 ]) and those where a priori knowl-
edge of sequence is not required (i.e., next-generation sequencing [ 5 ]). Since regu-
latory ncRNAs are generally classifi ed by size (greater or less than 200 nt), in our 
discussion we further subdivide those technologies which have been optimized for 
each of these sizes. 

 Designing assays for ncRNA, both large and small species, pose some unique 
challenges as compared to messenger RNA. First and foremost, a comprehensive 
annotation database must be in place in order to facilitate primer or probe design. 
Over the last 10 years, the public repository of miRNA sequences, miRBase [ 6 ], has 
been expanded and refi ned, defi ning both their primary structure (i.e., sequence) 
and secondary structures (i.e., hairpin). These have led to an explosion in the avail-
able commercial products for microRNA detection [ 7 ]. Notably, several character-
istics of miRNA create signifi cant challenges for PCR or probe based assays such 
as their small size (~20–25 nt), lack of polyadenylation, high conservation between 
family members (differing by only 1 or 2 nucleotides), and tendency to bind targets 
with imperfect homology [ 8 ,  9 ]. Additionally, the presence of “isomirs” has been 
reported, which are essentially variants of a miRNA canonical sequence which may 
be present in relatively high proportions and not differentiated by a probe or primer 
designed for the primary sequence [ 10 ]. 

 Primer and probe design for larger species of ncRNA (lncRNA) is limited by 
annotation, which while quickly improving, is still at an earlier stage than microRNA, 
with differing numbers of annotations spread across smaller databases such 
lncRNAdb [ 11 ], Human Body Map lincRNAs [ 12 ], Ensembl [ 13 ], USCS [ 14 ], 
RNAdb [ 15 ], RefSeq [ 16 ] but without uniform agreement. Primer and probe design 
for long noncoding RNAs is considered diffi cult, since many lncRNAs are found in 
long intergenic regions with high GC content that have repetitive sequences or even 
circular structures [ 17 ,  18 ]. Additionally, a large percentage of lncRNAs are anti-
sense transcripts of known protein coding genes, but present in far less abundance. 
Therefore, strategies such as poly-A tailing and tagging are sometimes employed to 
ensure strand specifi c PCR amplifi cation. Because of these diffi culties in computa-
tional lncRNA primer design, the most robust of primers available are clearly those 
which have been experimentally validated. Next-generation sequencing is particu-
larly exciting in the area of ncRNA detection since it avoids primer and probe design 
issues and allows for the discovery of novel ncRNA species and isomirs.  
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3.2     Probe Based Detection, Assays Based on qRT-PCR 

 One of the most popular methods of detecting and quantifying both short and long 
ncRNAs is qRT-PCR. This method has fi rst the advantage that usually no additional 
specialized hardware is necessary for the vast numbers of laboratories already per-
forming qRT-PCR for mRNA. There are two general strategies for quantifying 
ncRNAs, based on TaqMan technology or SYBR green chemistries (Fig.  3.1 ) [ 19 , 
 20 ]. A number of different manufactures including Life Technologies, Exiqon, and 
WaferGen offer pre-designed assays for both long and short ncRNAs which are 
discussed below. Many have compiled different primers and probes onto a single 
well or plate in order to create PCR-based arrays that allow higher throughput. 
Countless numbers of studies have shown than miRNA can be accurately quantifi ed 
by qRT-PCR and are consistent with other technologies (like arrays) [ 21 – 23 ].

3.2.1       Small ncRNA qRT-PCR 

 Real-time PCR assays for small species of ncRNA (such as piRNA and miRNA) 
are based on novel strategies compared to mRNA. As mentioned, the small tar-
get sequences of miRNA, along with close homology within families (e.g., Let 7 
family) pose diffi culties for primer and probes design [ 9 ]. Several manufacturers 
offer SYBR green detection methods for small RNA species. In general, these 
 methods such as the miScript system from Qiagen and WaferGen system rely fi rst 
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  Fig. 3.1    Illustration of qRT-PCR methods for detecting noncoding RNA. qRT-PCR methods 
designed for microRNA ( left ) include both TaqMan qRT-PCR and SYBR green assays. TaqMan 
microRNA assays rely on a miRNA-specifi c RT with a stem loop primer followed by the usual 
PCR. SYBR usually include addition of poly-A tail or tag to lengthen the sequence to allow for 
primer binding. Long noncoding assays ( right ) can also involve both TaqMan or SYBR chemistry, 
utilizing strand-specifi c PCR or primers and probes carefully selected to detect only ncRNA       
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on polyadenylation of small RNA species, followed by a reverse transcription using 
an oligo-dT primer with a common tag sequence. This tag sequence is then used as 
a universal reverse primer site and combined with a miRNA specifi c forward primer. 
Amplifi cation proceeds with SYBR-green detection [ 24 ]. Qiagen maintains speci-
fi city for small RNA species using a proprietary Hi-Spec buffer, which inhibits the 
reverse transcription of longer coding and noncoding RNAs. 

 Exiqon miRNA PCR is also SYBR green based but utilizes locked nucleic acid 
technology to increase specifi city [ 25 ,  26 ]. As before, the reaction starts with poly-
adenylation of mature miRNA, followed by reverse transcription using poly-dT 
primers. Specifi city for the microRNA of interest is obtained by using LNA- 
enhanced forward and reverse primers for the amplifi cation. Locked nucleic acids, 
because of their ribose modifi cations, increase the avidity of Watson–Crick binding 
and specifi city of primers allowing for similar primer Tms with shorter sequences 
facilitating the detection of small ncRNA species. A recent study suggests that for 
lowly expressed miRNA, LNA technology has improved sensitivity and linearity as 
compared to TaqMan [ 27 ]. 

 Another PCR-based method for miRNA detection is based on TaqMan chemistry 
[ 19 ,  28 ]. Life Technologies offers predesigned assays which includes stem loop, 
forward and reverse primers. The stem-loop reverse transcription primer is specifi c 
for the small RNA of interest, and serves to elongate the sequence allowing for 
subsequent PCR priming and amplifi cation. During the amplifi cation, the TaqMan 
probe is hydrolyzed, releasing the fl uorescent dye from inhibition by the quencher 
and allowing for detection. 

 As an extension of the individual PCRs, many of above companies also offer 
array based PCR assays to increase throughput. Qiagen for example, offers several 
options based on their miScript assays which include prefabricated 96-well, 384- 
well, and 100-well rotor disc. These plates already contain miRNA specifi c primers 
in each well and allow for amplifi cation by loading a common RT product. Currently, 
Qiagen offers nearly 20 different panels, which include miRNAs which are most 
abundantly expressed, as well as those that have been implicated in specifi c path-
ways or disease processes such as infl ammation, cancer, and apoptosis. Similarly, 
Exiqon offers SYBR-green PCR based arrays which start with a common RT reac-
tion followed by use of multiwell plates preloaded with desiccated LNA enhanced 
primers for each microRNA. Using two panels, 742 different human microRNAs 
can be measured in one experiment. Lastly, WaferGen manufactures a Smart Chip 
microRNA panel which is user-customizable and preloaded with primers for up to 
1,200 different miRNAs across 5,000 different SYBR-green PCR reactions in one 
experiment. Primers design has been optimized for the nanoliter and microliter 
scale of these PCR reactions and an automated dispensing station is mandatory. 
Likewise, using TaqMan chemistry, Life Technologies offers a single array with 
many different human qRT-PCR assays. As mentioned above, TaqMan reverse 
 transcription utilizes a specifi c stem loop primer for each miRNA, but this system 
simplifi es the reverse transcriptase reaction by using a multiplex of up to 377 differ-
ent stem loop RT primers. Afterwards, cDNA is loaded onto prefabricated cards 

C. Perdomo et al.



29

already containing different amplifi cation primers and TaqMan probes for specifi c 
miRNAs. The card is run on a standard qRT-PCR machine making it is possible to 
interrogate expression of over 300 miRNAs in one run.  

3.2.2     Long ncRNA qRT-PCR 

 As eluded to earlier, primer design for qRT-PCR assays for lnc-RNAs also present 
challenges when compared to mRNA. Many lncRNAs are found in long intergenic 
regions with high GC content and have repetitive sequences or even circular struc-
tures. Additionally, a large percentage of lncRNAs are antisense of known protein 
coding genes, but present in far less abundance [ 17 ,  18 ,  29 ]. Life Technologies has 
overcome many of these limitations by using stringent methodology for lnc-RNA 
primer design. In sum, long ncRNA sequences are culled from NCBI and other 
databases and mapped back to the genome. Suitable location for primer designs are 
identifi ed, which involves avoiding SNPs, repeats, and discrepant areas and focus-
ing on exon–exon junctions. Further refi nement of primer design is based on the 
chemical and thermodynamic properties of primer binding including Tm, GC con-
tent, secondary structure, amplicon size, and primer-dimer affi nity. In silico quality 
control is fi nally done to confi rm the highest specifi city and sensitivity of the pro-
posed primers. Using this design process, Life technologies reports close to 25,000 
available TaqMan primer assays for long ncRNAs. The company has extensively 
experimentally validated many of these assays and there are a number of publica-
tions demonstrating the accuracy and dynamic range of these assays along with 
consistency as compared to alternative platforms like genomic tiling arrays [ 30 ]. To 
date, this product is available as individual assays only. 

 There are two manufacturers who have combined multiple individual qRT-
PCR reactions onto a single array, allowing for increased throughput. WaferGen 
for example, using their SmartChip technology, offers a qRT-PCR based array as 
a single panel of lnc-RNAs containing over 1,700 RNAs in triplicate. After a 
common RT, the cDNA is loaded robotically into nanoscale capacity wells con-
taining predispensed PCR primers. The platform then performs thousands of 
quantitative PCR reactions in a single run, essentially combining the screening 
capability of microarrays with the sensitivity of qRT-PCR. Similarly, Systems 
Biosciences markets a qRT-PCR array. Sample preparation begins with RNA 
polyadenylation, and adaptor ligation to the poly-A tail. The reverse transcription 
reaction is done with both oligo-dT and random hexamer primers which signifi -
cantly increase cDNA yield and allow for detection of both sense and antisense 
transcripts. Lastly, a common primer is added which is complementary to the 
adaptor sequence, and then cDNA is loaded onto a prefabricated plate which con-
tains a forward primer specifi c for each lncRNA. While customizable to meet 
user needs, the current stock platform allows for measurement of 90 different 
lncRNAs simultaneously.   
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3.3     Hybridization Based Techniques 

 Microarrays have been widely used for many years to profi le large numbers of mes-
senger RNA, and recently, the technology has been adapted to the many types of 
noncoding RNAs [ 31 ,  32 ]. As with mRNA, microarray assays for ncRNA rely on 
synthesis of cDNA, labeling the product with a fl uorophore, followed by dissocia-
tion and hybridization to complementary probes immobilized on a surface. Similar 
to PCR primer design for small or large ncRNA, there are challenges to rigorous 
microarray probe design. The small size of microRNA limits available probe bind-
ing options. Additionally, the ability of microRNA to bind without perfect comple-
mentarity and the fact there are similar sequences across family members can lead to 
nonspecifi c microarray binding [ 33 ]. Long ncRNAs probe design is complicated by 
high GC content, repetitive or circular structures, and antisense transcription. Despite 
these challenges, multiple platforms exist and a summary of the most common for 
both small and long ncRNA is illustrated in Fig.  3.2  and summarized in Table  3.1 .

    While many of these microarrays share common techniques, some noticeable 
differences include Exiqon’s microRNA arrays which feature Tm-normalized locked 
nucleic acid-enhanced capture probes, which have improved specifi city for microR-
NAs [ 34 ]. Also considered a hybridization based technology, NanoString offers the 
nCounter Analysis System which can measure both coding and ncRNA species. The 
system is based on solution-based hybridization of a specifi c probe followed by 
immobilization and imaging. Specifi cally, a target RNA species is combined with a 
specifi c reporter probe, containing a color barcode made up by a sequence of six 
fl uorophores. Excess probe is then washed and the complex is immobilized on an 
nCounter Cartridge via a capture probe. An electrical charge application across the 
cartridge serves to align the immobolized complexes in a linear fashion so the bar-
code color probes can be imaged, counted and tabulated for each RNA species [ 35 ]. 
The human v2 miRNA expression assay can measure 800 miRNA simulatenously 
(based on miRBase 18), while the lnc-RNA product is a custom product allowing 
the investigator to select up to 800 lncRNAs to multiplex.  

5’ 3’

Poly-A tail

5’ AAAA…

Ligation of dye polymer

AAAA…

miRNA lncRNA

Oligo dt bridge

Dye

5’ 3’
RT with labeled
dNTPsdCTP

OR

Direct labeling Amplification

lncRNA

5’ 3’
RT

lncRNA

cDNA

IVT &
labeling

cRNA

OR

5’ 3’

Enzymatic addition
Of dye

5’ 3’

microarray

  Fig. 3.2    Illustration of hybridization-based detecting both small and large species of noncoding 
RNA. Hybridization based methods for assaying microRNA ( left ) are usually sensitive enough to 
allow for direct miRNA labeling without amplifi cation followed by hybridization to complemen-
tary probes on array. Protocols for lnc-RNA can include direct labeling or an IVT-based amplifi ca-
tion step       
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3.4     Non-probe Based Dectection/Next Generation 
Sequencing 

 Classical Sanger sequencing [ 36 ], originally described in 1977 has contributed 
enormously to the understanding of the human genome. Since its discovery, Sanger 
sequencing has been continuously modifi ed, refi ned, and automated in order to 
facilitate the timely completion of the Human Genome Sequencing Project [ 37 ,  38 ]. 
The technique has been limited largely by its low throughput and ability to only 
interrogate one predefi ned target gene at a time. No single modifi cation of sequenc-
ing technology has been as critical as the development of “massive parallelization” 
which has now allowed many millions of genetic fragments to be sequenced at once 
without a priori sequence or gene information [ 39 ]. Massively parallel or next- 
generation sequencing has found applications in traditional DNA sequencing, gene 
expression analysis, methylation and of course discovery and quantifi cation of non-
coding RNAs. A full review of massively parallel sequencing technologies is 
beyond the scope of this chapter, but briefl y illustrated in Fig.  3.3  are the general 
categories of library preparation and sequencing technology commercially avail-
able today. Most importantly, we discuss data processing techniques in order to use 
this sequencing data for detection and discovery of ncRNA.

Reversible termination
(Illumina)

Pyrosequencing
(Roche)

Ligation
(Life Technologies)

Semiconductor
(Ion Torrent)

5’ 3’
lncRNA or miRNA

Library creation

cDNAAdaptor

Immobilization 
& cluster 
generation

Sequencing by
synthesis using

reversible
terminators

5’ 3’

Library creation

cDNA

Emulsion PCR

Chip Immobilization &
pyrosequencing

5’ 3’

Library creation

cDNA

Emulsion PCR

Chip Immobilization &
Ligation sequencing

Decode color-space 
sequence

5’ 3’

Library creation

cDNA

Emulsion PCR

Chip Immobilization &
Ligation sequencing

Semiconductor 
Sequencing based on 
ΔpH

  Fig. 3.3    Illustration of the four most common deep sequencing technologies all starting with 
library creation, followed by some form of clonal amplifi cation, and lastly a variety of approaches 
to sequencing       
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3.4.1       Sequencing by Reversible Termination (Illumina) 

 This method retains a feature of classical Sanger sequencing by utilizing a sequenc-
ing by synthesis approach with the sequential addition of fl uorescent terminator 
nucleotides [ 40 ]. After fragmentation of the DNA or cDNA of interest, adaptor 
oligonucleotides are ligated to each fragment end. Fragments are then immobilized 
on a fl ow cell where an isothermal PCR based “bridge amplifi cation” occurs. The 
product of this is hundreds of millions of dense clusters containing identical DNA 
sequences. Sequencing itself starts with a common primer, followed by the sequen-
tial addition of one of four fl uorescently labeled, reversibly terminated nucleotides. 
After each round of synthesis, the clusters are excited with a laser, which emits a 
color that identifi es the newly added base. The fl uorescent label and terminator 
group are then removed, allowing the next cycle of base incorporation and imaging 
to start. These steps are repeated over several hundred cycles, generating a pattern 
of color images which is decoded into sequence information for each cluster.  

3.4.2     Pyrosequencing (Roche) 

 Similar to the Illumina approach, pyrosequencing is also based on sequencing by 
synthesis with fl uorescently labeled nucleotides [ 41 ]. The process starts with frag-
mentation of the subject DNA followed by adaptor ligation. Next, the fragments are 
hybridized to the surface of a tiny bead, which are present in far excess to allow 
each bead to bind only a maximum of one DNA fragment. An amplifi cation occurs 
on the surface of this bead, in an emulsion created by a mixture of beads, PCR 
reagents and oil (termed emulsion PCR). Millions of beads, each with their surfaces 
full of clonally amplifi ed DNA, are then loaded into microscopic wells on small 
plates only large enough for a single bead to settle inside. Smaller beads, or packing 
beads, which contain all the needed reagents for the sequencing reaction (except 
nucleotides) are then added into each well. The sequencing reaction at each well 
position proceeds by the sequential application of each fl uorescently labeled nucle-
otide in turn to the entire plate. If a specifi c nucleotide is complementary to the 
template strand, and therefore incorporated into the growing DNA strand, a phos-
phate ion is released which leads to an enzymatic cascade and release of light. The 
intensity and location of the light emission across the plate is recorded and trans-
lated into a sequence read and the process is repeated several hundred times.  

3.4.3     Sequencing by Ligation (Life Technologies) 

 The last of the “next-generation” technologies involves similar features as discussed 
above but is termed “sequencing by ligation” instead of “sequencing by synthesis” [ 42 ]. 
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As before, fragmentation of the target DNA is necessary followed by a bead emulsion 
PCR. The millions of beads are then immobilized on a glass slide. The sequencing 
reaction proceeds by fi rst adding a universal primer, followed by a series of fl uores-
cent oligonucleotide probes, each 8 bases in length with the fi rst two bases being a 
unique combination and the remaining 6 able to pair with any nucleotide. One of the 
total 16 possible probes binds specifi cally to the fi rst 2 bases of the target sequence 
and is chemically linked via DNA ligase. The cell is washed, and imaged to determine 
which oligonucleotide was bound at each fl ow cell site. Subsequently, the terminal 3 
bases and dye are cleaved from the bound oligo, and washed. Multiple cycles of liga-
tion provide partial sequence information given there is a gap of three oligonucle-
otides between each 2 bases that are interrogated (those that were not cleaved from 
the prior oligo) and the fact that the same color dye is used on multiple different oli-
gos. Therefore, it is necessary to repeat this series of ligation reactions fi ve times, 
with each time using an initial primer 1 base shorter than the last. In this way, each 
base on the template strand is interrogated twice (by two separate oligos binding) and 
the arrangement of colors (known as color space) can be translated into actual 
sequence data.  

3.4.4     Semiconductor Sequencing 
(Life Technologies/Ion Torrent) 

 Similar to pyrosequencing, this third-generation sequencing technology uses the 
sequencing-by-synthesis approach, but instead of detecting a pyrophosphate cas-
cade, it detects hydrogen ions (H + ) released as a byproduct of nucleotide incorpora-
tion [ 43 ]. The release of hydrogen ions produces a change in pH that is proportional 
to the number of nucleotides incorporated into the nascent DNA strand. This change 
in pH is detected by a sensor and is converted to voltage that is electronically digi-
tized. A key innovation of this system is that it does not require imaging technology, 
electromagnetic intermediates (i.e., light or X-rays), or specialized reagents (e.g., 
chemically modifi ed nucleotides), simplifying the sequencing instruments and 
reducing the costs. In addition, because the system detects natural polymerase- 
mediated nucleotide incorporation, the sequencing reaction is measured in real-time 
(each incorporation measurement takes only 4 s). Another advantage of semicon-
ductor sequencing is its scalability. The semiconductor technology has exponen-
tially improved over the past years leading to an increase in the number of reads per 
chip and this trend is expected to continue.  

3.4.5     Single Molecule Sequencing 

 Even though this nascent fi eld is at its early stages, there are a number of technolo-
gies that already offer the possibility of sequencing single DNA molecules without 
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the need of reverse transcription or clonal amplifi cation, resulting in reduced 
 preparation time and higher accuracy. In addition, these technologies are expected to 
produce longer reads, which is ideal for accurate DNA mapping and will facilitate 
the identifi cation of alternative splicing forms (isoforms) and haplotypes. Most of 
these new technologies are based on the sequencing-by-synthesis method. For exam-
ple, Heliscope (Helicos Bioscience) utilizes a method similar to the one described 
for Solexa/Illumina [ 44 ]. After fragmentation and polyadenylation, each strand of 
DNA is labeled with a fl uorescent adenosine and hybridized to a fl ow cell that con-
tains billions of immobilized oligo dT universal primers. Each of these templates 
generates its own sequencing reaction. After hybridization, a laser illuminates the 
surface of the fl ow cell showing the location of each labeled template and a camera 
produces a map of the templates. The sequencing reaction proceeds by the addition 
of a DNA polymerase and fl uorescently labeled nucleotides (one at a time) [ 45 ]. 

 Another fl uorescence-based single molecule sequencing technology is the 
SMRT™ chemistry from Pacifi c Biosciences. This technology offers two key inno-
vations: First, the dyes are attached to the terminal phosphate of the nucleotide 
instead of to the base itself (which is the standard of other sequencing technologies). 
This allows the polymerase to cleave away the fl uorescent label as part of the incor-
poration process leaving behind a natural strand of DNA. The second innovation 
consists on an optical waveguide called “the zero-mode waveguide,” which enables 
the observation of individual molecules against a background of labeled nucleotides 
while maintaining a high signal to noise ratio [ 46 ]. This technology is therefore, 
single molecule and real-time.   

3.5     Computational Methods for Analysis 

 After sequencing of the RNA transcriptome, the next critical challenge is to manage 
the terabytes of data produced which requires powerful computing and storage 
resources along with effi cient algorithms. In the next two sections, we will outline 
the general techniques and resources available for analysis of next-generation 
sequencing data, with particular attention fi rst to miRNA and then to long ncRNA. 

3.5.1     Small (miRNA) Analysis 

 Many different types of analyses can be performed to gain insight into the roles 
small RNAs play in processes such as development and cancer. The raw data 
obtained from a sequencer consists of millions of “reads” with each read corre-
sponding to a single small RNA molecule that was present in the sample. Before any 
meaningful information can be gained, the reads need to be preprocessed and 
aligned to a reference genome. Preprocessing generally includes trimming the 
adapter off of the 3′ end of the read, fi ltering out reads that are too short (e.g., less 
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than 15 nt), and fi ltering out reads with low quality or missing bases. A critical step 
is the identifi cation of the location from the genome where the read was originally 
transcribed and this process is referred to as a sequence alignment. Many algorithms 
and tools have previously been developed to align a set of sequences to a database 
of reference genomes such as the Basic Local Alignment Search Tool (BLAST) and 
the BLAST-Like Alignment Tool (BLAT) [ 47 ,  48 ]. Although these tools have a high 
degree of accuracy, they are not capable of effi ciently aligning millions to billions 
of reads within a reasonable period of time. To this end, several algorithms and tools 
have been developed to process and align the reads generated from DNA, large 
RNA, or small RNA sequencing data. Aligners that can handle small RNA sequenc-
ing data include Bowtie, BWA, PerM, and SHRiMP (Table  3.2 ).

   Once the reads are aligned to the genome, several types of analyses can be per-
formed including quantifi cation of expression of known small RNAs, detection of 
novel small RNAs, and characterization of small RNA isoforms. Over the past sev-
eral years, hundreds of novel microRNAs have been discovered in many species 
using small RNA sequencing. Algorithms designed to predict novel microRNAs 
rely on the overall number of reads that align to a specifi c locus as well as several 
specifi c features of microRNA biogenesis. MicroRNAs during their biogenesis will 
form a stem loop structure that is thermodynamically stable (Fig.  3.4a ) after the 
primary transcript has been cleaved by Drosha. Once a microRNA stem loop is 
exported from the nucleus, it will be cleaved again by Dicer into three pieces. The 
two “arms” of the stem loop, one from the 5′ side and the other from the 3′ side, 
have the potential to become mature microRNAs and inhibit mRNA expression after 
being incorporated into the Ago complex. Often, one arm will be preferentially 
incorporated into the Ago complex while the other arm will be degraded. In these 
cases, the expression levels of each arm will be different from each other within a 
cell. The loop that held the two arms together will also be degraded and only found 
in low levels within a cell. An example of an algorithm which uses these features is 
MiRDeep, which was one of the fi rst algorithms to predict novel microRNAs from 
small RNA sequencing data. MiRDeep will score each potential novel microRNA 
locus based on the total number of reads that align to that region, the ability of a 
potential RNA sequence from that region to form a thermodynamically stable stem 
loop structure, and the distribution of reads within that region (Fig.  3.4b ) (i.e., that 
many reads align to the arms of the stem while a few reads align to the loop). 
Algorithms to predict novel microRNAs are constantly being developed or improved.

   Sequencing of the microRNA transcriptome has also revealed the presence of 
microRNA isoforms. Isoforms can be observed by examining any heterogeneity in 
reads that align to a particular mature microRNA locus. Each mature microRNA has 
a canonical sequence which can be found in the miRBase database [ 49 ]. Many reads 
will match the canonical microRNA sequence and therefore align perfectly to the 
canonical microRNA locus. However, some reads will have extra nucleotides at the 
beginning (5′ variability) and/or at the end (3′ variability) of the read. These reads 
will have a slightly different length which will result in different starting and/or 
stopping locations in the genome. Other reads may match the canonical microRNA 
in length, but have one or more mismatches to the reference sequence. This 
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phenomenon is known as RNA editing and usually occurs at the last nucleotide of 
the microRNA. Detection of isomirs as described can be done by varying the num-
ber of mismatches tolerated during sequence alignment (Fig.  3.4c ). While the role 
of noncanonical microRNA isoforms in development and disease is not well under-
stood, some initial studies have suggested that these isoforms do have some differ-
ences in gene targets or in targeting effi ciency compared to the canonical form of 
the microRNA. The existence of microRNA isoforms adds to the complexity of the 
microRNA transcriptome and provides a future avenue of enticing research for 
which small RNA sequencing is well suited. 

 These analyses highlight the benefi ts of using RNA sequencing technology com-
pared to high-throughput probe-based technologies. While many microRNA micro-
arrays have been developed and can measure the expression of known microRNAs 
within a sample, they do not have the ability to discover novel microRNAs or char-
acterize microRNA isoforms since they rely on predetermined probes. Identifying 
novel microRNAs or microRNA isoforms through the use of small RNA sequencing 
allows for a more comprehensive characterization of the microRNA transcriptome.  

3.5.2     Large ncRNA Analysis 

 Similar to small RNA sequencing, the fi rst step in analysis to detect ncRNAs starts 
with aligning each read to a reference genome in order to identify the genomic loca-
tion from which the transcript was derived. Tools that work with large RNA sequenc-
ing data include MAQ, TopHat (which utilizes the Bowtie aligner), and BWA. These 
read aligners for large RNA sequencing data must handle complexity arising from 
mismatches in the sequence due to sequencing errors, single nucleotide polymor-
phisms (SNPs), mutations, and alternative splicing of coding and noncoding RNAs. 
In cases of alternative splicing, reads may overlap a splice junction resulting in each 
end of the read aligning to a different place in the reference genome. If paired-end 
sequencing was performed, then each read in the pair may align to different regions 
in the reference genome. Once the reads are properly aligned, other analyses may be 
performed including prediction of novel noncoding RNAs or identifying 
 differentially expressed transcripts between various biological states. 

 Sequencing of the large RNA can reveal additional complexity in both the coding 
and noncoding transcriptomes including novel transcripts. Several long intergenic 
noncoding RNAs (lincRNAs) have been identifi ed and shown to have important 
roles in development [ 30 ,  54 ]. However, the complete set of lincRNAs has not been 
fully characterized yet. Before the advent of large RNA sequencing technology, 
previous algorithms including QRNA, Moses, Dynalign, and RNAz predicted novel 
lincRNA loci using features such as sequence homology, substation rates, and pre-
dicted secondary structure or thermodynamic stability of potential RNA transcripts 
(Table  3.3 ). While these algorithms provided an initial picture of the lincRNA land-
scape, newer algorithms such as Cuffl inks and Scripture are able to utilize RNA 
sequencing data to empirically identify novel transcripts within a given sample. 
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They rely on graph theory to reconstruct each transcript from the aligned reads, 
including the various isoforms produced from alternative splicing events. These 
reconstructed transcripts can then be compared to a database of known transcripts 
to identify which ones are known or novel. Novel transcripts of suffi cient length that 
do not have coding potential can be considered putative lincRNAs [ 12 ]. As more 
novel lincRNAs are being discovered and characterized, their roles in regulation of 
the cell will become more apparent and we will gain greater insights into many 
biological processes such as development and cancer.

3.6         Conclusion 

 As described in this chapter, miRNA and larger ncRNA detection and discovery 
present unique challenges when compared to conventional mRNA. A number of 
different and novel platforms have been developed to address these limitations and 
include optimization of qRT-PCR, microarray, and next-generation sequencing. The 
latter requires extensive computational expertise but opens the opportunity for dis-
covery of new RNA species.     
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    Abstract       MicroRNAs (miRNAs) are small noncoding RNAs (17–25 nt) that 
modulate the expression of genes by negatively regulating translation and stability 
of messenger RNAs (mRNAs). miRNAs have emerged as critical players in cancer 
initiation and progression processes due to their documented roles in either promot-
ing (oncogenic) or suppressing (tumor-suppressors) oncogenesis. Dysregulation of 
miRNA expression levels and associated alterations in gene expressions have been 
demonstrated in various solid tumors. In this chapter, biogenesis of miRNAs and 
dysregulation of miRNAs in tumor formation, maintenance and metastasis as well 
as potential role of miRNAs as cancer biomarkers and therapeutic targets for 
anticancer treatment are discussed.  

  Keywords       miRNAs     •   Solid tumors     •   Oncomirs     •   Biomarkers     •   Diagnosis and 
prognosis     •   Cancer therapy  

4.1         Introduction 

 MicroRNAs (miRNAs) are a class of small noncoding RNAs of 17–25 nt in length, 
which are conserved across species. Since their discovery in  Caenorhabditis elegans  
at the beginning of the 1990s [ 1 ], miRNAs have been found to be expressed in 
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different tissues and cell types. It is predicted that miRNAs regulate expression of at 
least half of the human transcriptome by either repressing the translation or causing 
degradation of multiple target mRNAs [ 2 ,  3 ]. In the mammalian genome, miRNA 
species accounts for 1–3 % of genes and over 1,900 miRNAs have been reported, 
with these having critical regulatory functions in cell development, proliferation, 
differentiation, apoptosis, and stress response, and they are involved in the genetic 
networks regulating functional pathways dysregulated in cancer [ 4 ,  5 ]. miRNA 
genes are generated from the stem loop precursors by RNA polymerase II, forming 
large molecules containing a stem-loop structure and called primary precursor miR-
NAs (pri-miRNAs). pri-miRNAs initially contain a cap structure at the 5′ end and a 
3′ poly-A tail. In the nucleus, the stem-loop is asymmetrically cleaved by a complex 
comprising the RNase III Drosha and its cofactor Dgcr8 to produce the precursor 
miRNA (pre-miRNA), approximately 70 nt in length. The pre-miRNA is trans-
ported to the cytoplasm, a process mediated by the nuclear transport receptor expor-
tin- 5 and the nuclear protein Ran-GTP (Exportin-5-Ran complex), and the exported 
pre-miRNA is cleaved by another RNase III endonuclease, Dicer, to produce a short 
duplex molecule (20 bp mi-RNA:mi-RNA duplexes). One of the strands of the 
duplex is selected in association with specifi c Argonaute proteins to form miRNA- 
induced silencing complex ( miRISC ) on the mRNA that negatively regulates its 
expression by either translational repression or by inducing mRNA cleavage. The 
silencing mechanism is possibly determined by the extent of base pairing between 
miRNA and target mRNA when mRNA binds to the complementary target sites 
located in the 3′ untranslated region (3′UTR) of target mRNA. Argonaute proteins 
have also been implicated in the transcriptional and posttranscriptional gene silenc-
ing of the targeted mRNA [ 5 – 7 ]. Aberrant expression of miRNAs affects the regula-
tion of many cellular functions and gene networks [ 4 ] and is associated with a wide 
spectrum of diseases, including diabetes [ 8 ], cardiovascular disease [ 9 ], viral infec-
tion [ 10 ], kidney disease [ 11 ], neurodegenerative diseases [ 12 ], and cancer [ 13 ].  

4.2     Discovery of miRNA Involvement in Cancer 

 The involvement of miRNA dysregulation in human cancer was fi rst reported by Dr. 
Carlo Croce’s group in 2002. They discovered downregulation of  miR - 15a  and  miR - 
16     in about 70 % of chronic lymphocyte leukemia [ 13 ] suggesting these miRNAs 
have tumor suppressor function in normal cells.  miR - 15  and  miR - 16 , were later 
reported to target pro-survival proteins,  Bcl - 2  and  Mcl - 1  encoding transcripts, and 
thus regulate induction of apoptosis [ 14 – 16 ]. These two miRNAs were also shown 
to effectively inhibit growth of colon tumor xenografts [ 17 ]. Since the fi rst discov-
ery of miRNA dysregulation playing a role in chronic lymphocyte leukemia, aber-
rant expression profi les of many miRNAs have been implicated in various solid 
tumors, including those of the breast, colon, liver, lung, prostate, thyroid, and 
pancreas. Early large-scale miRNA microarray studies revealed that the samples 
from colon, liver, pancreas, and stomach all clustered together in unsupervised 
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hierarchical cluster analysis. The gut-associated miRNA cluster ( miR - 192 ,  miR - 194  
and  miR - 215 ) was found to have functional roles in specifi cation of gut develop-
ment and upregulated in gut-derived tumors [ 18 ].  miR - 17 - 5p ,  miR - 20a ,  miR - 21 , 
 miR - 92 ,  miR - 106a , and  miR - 155 , on the other hand, represent miRNA signatures 
associated with breast, colon, lung, pancreas, prostate and stomach cancers suggest-
ing their plausible involvement in these malignancies [ 19 ]. 

 High throughput miRNA microarray, real-time PCR array, and the next- 
generation sequencing technologies have been performed to profi le miRNAs of 
solid tumors in order to generate tumor tissue specifi c miRNA signatures. Microarray 
profi ling of miRNAs have been used to identify the tissue of origin for unknown 
primary or poorly differentiated tumors and also to distinguish different tumor sub-
types. Combination analysis using Illumina/Solexa deep sequencing and miRNA 
microarray have shown not only high sequence counts and concordant differential 
expression of miRNAs in prostate cancer [ 20 ] and breast cancer [ 21 ] but also 
miRNA expression signatures that may serve as accurate diagnostic and prognostic 
biomarkers for these malignancies. Importantly, large tissue specimens are not 
needed for accurate miRNA detection since their expression can be reliably mea-
sured in biopsy specimens, as shown by the miRNA profi ling assays performed with 
formalin-fi xed, paraffi n-embedded (FFPE) tissues of hepatocellular carcinoma 
(HCC) [ 22 ], lung cancer [ 23 ], melanoma [ 24 ], renal tumor [ 25 ], and papillary thy-
roid carcinoma [ 26 ]. FFPE specimens also can be used reliably for miRNA deep- 
sequencing analysis, reported in renal cell carcinoma [ 27 ], and for locked nucleic 
acid (LNA)-based miRNA qPCR analysis successfully performed with multiple 
types of tumor tissues [ 28 ].  

4.3     miRNA Functions in Solid Tumors 

 Aberrant expression of miRNAs is commonly detected in various solid tumors. 
Dysregulation of these cancer associated miRNAs has been implicated to play roles 
in tumor initiation and progression by promoting cell proliferation and invasion 
while enhancing survival by inactivating apoptosis response mechanisms. 
Upregulation and repression of several miRNAs have also been implicated in de-
differentiation of cells facilitating the tumorigenic transformation process. 
Oncogenic and tumor-suppressing miRNAs, collectively termed “oncomirs,” act 
either as tumor suppressors [ 29 ,  30 ] or as oncogenes [ 31 – 34 ] depending on the 
cellular context and the genes targeted in each instance (Table  4.1 ). Furthermore, 
specifi c metastasis-regulating miRNAs collectively termed “metastamirs” have 
been found to be either positively or negatively associated with metastasis [ 35 ]. 

  The miRNAs that are encoded by the  let - 7  family were the fi rst group of oncomirs 
shown to regulate the expression of the  Ras  gene [ 34 ]. The repression of  Let - 7  tar-
geted  Ras  [ 36 ] is associated with shortened postoperative survival in patients with 
lung tumors [ 37 ]. A variant allele of  KRAS  at  rs61764370  (referred to as the  KRAS  
variant), which disrupts a  let - 7 -binding site in  KRAS , is a genetic marker for 
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increased risk of developing ovarian cancer [ 38 ], breast cancer [ 39 ], and colorectal 
cancer [ 40 ].  miR - 21  promotes invasion and migration as an oncomir, which drives 
tumorigenesis through inhibition of negative regulators of the  Ras / MEK / ERK  path-
way and inhibition of apoptosis [ 41 ]. High  miR - 21  levels have been found in a 
variety of solid tumors (lung, prostate, breast, colon, stomach, liver) and hemato-
logical malignancies [ 5 ,  42 ,  43 ]. Knockdown of  miR - 21  signifi cantly decreases 
experimental metastasis to lungs in breast cancer, colorectal carcinoma, and B16 
melanoma cells [ 44 ,  45 ]. Elevated expression of a polycistronic  miR - 17 - 92  cluster, 
located on the chromosome 13 open reading frame 25 ( C13orf25 ) in the human 
genome has been validated to display both tumor suppressor and oncogenic poten-
tial in many solid tumors including glioma, non-small-cell lung cancer (NSCLC), 

   Table 4.1    MicroRNAs as oncomirs in solid tumors a    

 miRNA  Tumor type  Role  Reference 

 Let-7  Breast, cervical, colorectal, 
ovarian, urothelial 

 Tumor suppressor  [ 34 ,  36 – 40 ] 

 miR-9  Brain, liver  Oncogene  [ 55 ,  60 ] 
 Breast, colorectal, gastric, 

ovarian, renal 
 Tumor suppressor  [ 61 – 68 ] 

 Breast  Metastasis-promoting  [ 57 ] 
 miR-10b  Breast  Metastasis-promoting  [ 31 ] 
 miR-15/16  Colon, prostate  Tumor suppressor  [ 17 ,  34 ] 
 miR-17-92 cluster  Breast, colon, lung, pancreas, 

prostate 
 Oncogene  [ 19 ,  34 ] 

 Liver  Tumor suppressor  [ 34 ] 
 miR-21  Breast, colon, lung, prostate, 

stomach 
 Oncogene  [ 5 ,  19 ,  42 , 

 43 ] 
 Liver, pancreas  [ 138 ] 
 Breast, colon, lung  Metastasis-promoting  [ 44 ,  69 ] 

 miR-30a  Lung  Metastasis- suppressing   [ 54 ] 
 miR-30d  Lung, liver, ovarian  Oncogene  [ 49 – 51 ] 

 Thyroid  Tumor suppressor  [ 52 ] 
 miR-31  Breast, gastric, prostate, ovarian  Tumor suppressor  [ 76 – 81 ] 

 Breast, urothelial  Metastasis- suppressing   [ 76 ,  82 ] 
 miR-143/miR-145  Breast, colon, cervical, prostate  Tumor suppressor  [ 34 ] 
 miR-146  Breast, prostate  Metastasis- suppressing   [ 35 ,  84 ,  86 ] 
 miR-155  Breast, colon, lung, pancreas  Oncogene  [ 19 ,  34 ,  138 ] 
 miR-182  Breast, endometrial, ovarian  Oncogene  [ 71 ,  74 ,  75 ] 

 Breast, liver  Metastasis-promoting, 
EMT 

 [ 72 ,  98 ] 

 miR-200 family  Breast, ovarian  Metastasis-promoting, 
EMT 

 [ 91 ,  92 ] 

 miR-205  Breast, nasopharyngeal, ovarian  Metastasis-promoting, 
EMT 

 [ 91 ,  94 ] 

 miR-221/miR-222  Breast  EMT  [ 95 – 97 ] 
 miR-335  Breast  Metastasis- suppressing   [ 87 ] 

   a This is a partial list of oncomirs characterized in solid tumors and discussed in the chapter  
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bladder cancer, squamous cell carcinoma of the head and neck, peripheral nerve 
sheath tumor, malignant fi brous histiocytoma, alveolar rhabdomyosarcoma, liposar-
coma, osteosarcoma, and colon carcinoma [ 19 ,  46 – 48 ]. The ability of the  miR - 17 - 92  
cluster to function either as tumor suppressors or oncogenes depends on which cell 
types these miRNAs are expressed in and what tissue-specifi c target mRNAs are 
regulated [ 34 ]. 

 Tumor-suppressor miRNAs are repressed in primary tumors [ 29 ,  30 ]. These 
miRNAs are expressed at relatively higher levels in differentiated tissues and at 
reduced levels in cancer. Such reduction in miRNA expression presents an interest-
ing parallel between cancer and development. As in cancer, early developmental 
stages have reduced levels of many miRNAs that are abundant in differentiated tis-
sue. Lower expression of these miRNAs possibly refl ects loss of differentiation, 
which is a hallmark of cancer. 

 There are, however, examples of miRNAs, which can not be classifi ed either as 
a tumor-suppressor miRNA or as an oncomir. For examples,  miR - 30d  is upregulated 
in squamous lung carcinomas [ 49 ] and HCC and targets  GNAI2  [ 50 ]. The chromo-
somal locus harboring  miR - 30d  is amplifi ed in more than 30 % of human solid 
tumors, and higher levels of  miR - 30d  expression has been associated with poor 
clinical outcomes in ovarian cancer patients [ 51 ]. Interestingly, on the other hand, 
repression of miR-30d is known to contribute to the process of thyroid cancer pro-
gression, leading to the development of anaplastic carcinomas with accompanying 
upregulation of the target protein  EZH2 , a component of the polycomb repressive 
complex [ 52 ]. Similarly,  miR - 29  and  miR - 30  upregulation was shown to induce  Rb  
driven senescence through downregulation of  B - Myb  in cervical carcinoma cells 
[ 53 ]. Furthermore,  miR - 30a , repressed in NSCLC, was shown to inhibit invasion, 
EMT, and metastasis by targeting  Snai1  [ 54 ]. Another example of context depen-
dent confl icting functional association of miRNA in different tumor types has been 
reported for  miR - 9 . Overexpression of  miR - 9  was detected in brain tumors [ 55 ], 
metastatic breast cancer [ 56 – 58 ] and in  c - myc -induced mouse mammary tumors 
[ 59 ], while knockdown of  miR - 9  reportedly decreased invasion of HCC cells [ 60 ] 
implying  miR - 9  overexpression to be positively associated with malignancy of 
human cancers. However,  miR - 9  downregulation was observed in gastric cancer 
[ 61 ,  62 ], ovarian cancer [ 63 ], colorectal cancer [ 64 ], renal cell carcinoma [ 65 ], and 
breast cancer [ 66 – 68 ]. Additionally, depletion of  miR - 9  recapitulated the anti- 
proliferative and pro-apoptotic effect of  miR - 9  overexpression in MCF-7 breast can-
cer cells by targeting  MTHFD2  gene transcript [ 68 ], all of which indicate a 
tumor-suppressor role for this miRNA. Taken together, the opposing tumor- 
suppressing and oncogenic natures of the  miR - 17 - 92  cluster as well as  miR - 30  and 
 miR - 9 , emphasize the complexities and intricacies of miRNA-mediated gene 
 regulation in cancer progression. 

 Metastamirs have typically been discovered using in vitro screens for steps in the 
metastatic cascade including cell growth, EMT, adhesion, migration, invasion, 
apoptosis, and/or angiogenesis. The metastamirs have been shown to promote or 
inhibit metastasis in experimental models, acting as metastasis-promoting miRs and 
metastasis-suppressing miRs, affecting critical steps in the metastatic cascade [ 35 ]. 
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Metastasis-promoting miRs include  miR - 9 ,  miR - 10b ,  miR - 21 , and  miR - 182 .  miR - 9  
is considered a pro-metastatic miRNA since it negatively regulates the key metasta-
sis suppressor E-cadherin, and  miR - 9  levels were reported to be signifi cantly ele-
vated in breast tumor patients with metastatic disease compared with those with no 
metastasis [ 57 ].  miR - 10b , highly expressed in metastatic breast cancer cells and 
metastatic breast tumors, positively regulates cell migration, tumor cell invasion, 
and metastasis by targeting homeobox D10 ( HOXD10 ), leading to increase in the 
pro-metastatic gene  RHOC  [ 31 ]. As discussed above, while  miR - 21  has earlier been 
shown to promote oncogenesis by potentiating oncogenic Ras signaling and attenu-
ating apoptosis by repressing expression of multiple tumor suppressor genes [ 41 ], 
more recent data suggest that elevated  miR - 21  also promotes growth and metastasis 
of lung cancer cells by targeting the expression of the tumor suppressor protein 
 PTEN  [ 69 ]. Overexpression of  miR - 182  has been correlated with progression from 
primary to metastatic melanoma and inversely correlated with  FOXO3  and 
microphthalmia- associated transcription factor levels [ 70 ]. Oncogenic function of 
another metastamir,  miR - 182  in ovarian cancer is reportedly mediated in part 
through its involvement in impairing DNA double strand break repair mechanism 
by negatively regulating  BRCA1  tumor suppressor and metastasis suppressor 1 as 
well as positive regulation of the oncogene  HMGA2  [ 71 ]. Published studies have 
suggested that the use of anti-miR-182 is a promising therapeutic strategy for meta-
static melanoma and liver metastases [ 72 ].  miR - 182 ,  miR - 183 , and  miR - 96 , highly 
conserved across species with similar sequences, are involved in zinc import and 
export and help regulate zinc homeostasis by targeting  hZIP1  [ 73 ]. Both  miR - 96  and 
 miR - 182  are reported to target  FOXO1  and  FOXO3  in breast and melanoma cancer 
cell lines and endometrial tumors [ 70 ,  74 ,  75 ]. 

 The metastasis-suppressing miRs include  miR - 31 ,  miR - 146 ,  miR - 206 , and  miR - 
335    .  miR - 31  expression is repressed in human carcinomas of the breast [ 76 ,  77 ], 
prostate [ 78 ], ovary [ 79 ], and stomach [ 80 ,  81 ]. The homozygous loss of the miR-
31- encoding genomic locus has been described in human urothelial carcinomas [ 82 ] 
and acute lymphoblastic leukemias [ 83 ]. The expression of  miR - 31  correlated 
inversely with breast cancer progression in humans with inhibition of  miR - 31  pro-
moting metastasis in vivo [ 76 ], possibly as a consequence of targeting the expres-
sion of an actin remodeling protein,  WAVE3  [ 77 ] affecting the invasion-metastasis 
cascade.  miR - 146a  and  miR - 146b , two distinct genes encoded on chromosomes 
 5q33  and  10q24  with similar targets were shown to inhibit both migration and inva-
sion [ 35 ,  84 ]. Expression of  miR - 146  attenuating metastatic potential of breast 
cancer cells and metastasis in breast cancer [ 35 ] suppresses  NF - κB  and signaling 
intermediates downstream of innate immune receptors [ 84 ,  85 ]. Silencing of another 
 miR - 146  target  ROCK1  kinase contributing to metastatic and invasive activity of 
transformed cells when dysregulated along with its activating Rho kinase, has also 
been reported to diminish metastatic potential of prostate tumors [ 86 ].  miR - 335 , 
 miR - 206  and  miR - 126 , downregulated across a number of metastatic tumor cell 
lines, can suppress metastasis of breast cancer cells following restoration of their 
expression and  miR - 335  was shown to suppress metastasis and migration of breast 
cancer cells by targeting the progenitor cell transcription factor  SOX4  and 
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extracellular matrix component tenascin C [ 87 ]. Intriguingly, however, another 
study reported that although the expression levels of  miR - 335  was not found signifi -
cantly different in normal adjacent colon tissue compared with primary tumors that 
did not metastasize,  miR - 335  levels were signifi cantly elevated in colorectal cancer 
primary tumors with metastatic capacity, retaining similar levels in their metastatic 
lesions [ 88 ]. 

 Epithelial-mesenchymal transition (EMT) has key roles in metastatic disease and 
therapeutic resistance. Epithelial cancer cells that acquire migratory and invasive 
mesenchymal cell-like properties during EMT gain the ability to emigrate from the 
primary tumor mass and move to distant locations. Once metastasized, these cells 
undergo mesenchymal-epithelial transition (MET) to facilitate the subsequent set-
tlement and proliferation of disseminated cancer cells at secondary locations [ 89 , 
 90 ]. The  miR - 200  family ( miR - 200a ,  miR - 200b ,  miR - 200c ,  miR - 141 , and  miR - 429 ) 
and  miR - 205  are markedly downregulated in cells that undergo EMT in response to 
 TGF - β  or to ectopic expression of the protein tyrosine phosphatase  Pez  in MDCK 
cells, and repression of these miRNAs is an essential early step in tumor metastasis 
[ 91 ]. Ectopic overexpression of  miR - 429  was shown to result in reversal of mesen-
chymal phenotype and signifi cant reduction in migration and anchorage indepen-
dent growth of ovarian cancer cells. The results revealed that  miR - 429  was not only 
a useful biomarker of EMT in ovarian cancer, but also of potential therapeutic value 
in abating ovarian cancer metastasis [ 92 ]. miRNAs involved in regulating expres-
sion of  miR - 200  family miRNAs, such as,  miR - 103 / 107  can induce EMT by down-
regulating  miR - 200  levels, and inhibition of  miR - 103 / 107  abrogates migration and 
metastasis of malignant cells [ 93 ].  miR - 205 , implicated in metastasis is known to 
play a role in the development of radio-resistance of human nasopharyngeal carci-
noma cells by directly targeting  PTEN  tumor suppressor protein and inhibition of 
 miR - 205  induces apoptosis in these cells [ 94 ]. The  miR - 221 / 222  miRNA cluster 
also can induce EMT in breast cancer cells and target  ESR1 ,  Dicer , and  TRPS1  
protein expression [ 95 – 97 ]. Knockdown of the putative oncogenic  miR - 182  expres-
sion has been shown to elevate the expression of chromobox homolog 7 ( CBX7 ) and 
positively regulate the expression of E-cadherin, the protein regulating epithelial 
morphology of the cells [ 98 ]. Given these fi ndings, it is evident that altered expres-
sion of the miRNAs involved in the determination of epithelial and mesenchymal 
lineages, discussed above, play roles in tumor metastasis. 

 Epigenetic modifi cations are heritable and reversible biochemical changes of the 
chromatin structure that regulate gene expression via chromatin remodeling includ-
ing DNA methylation, histone modifi cations, and through miRNAs involved in 
these processes [ 99 ,  100 ]. DNA methylation is a type of covalent modifi cation in 
which a methyl group is added to a cytosine in the genome via S-adenosylmethionine 
and restricted to the 5-position of the pyrimidine ring of cytosine residues that are 
located in  CpG  dinucleotides [ 101 ,  102 ].  CpG  islands are frequently found within 
gene promoter regions, and DNA methylation of promoter-associated  CpG  islands 
is associated with gene repression, through either a direct or indirect infl uence on 
the chromatin structure that results in chromatin condensation [ 99 ,  103 ,  104 ]. 
Approximately 34–50 % of all annotated human miRNA genes are located in fragile 
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sites or in areas of the genome that are associated with cancer [ 13 ,  105 – 107 ]. On 
average,  CpG  islands are 32 % more frequent on fragile sites and also positively 
correlated with miRNA and protein-coding genes [ 107 ]. Epigenetic mechanisms 
regulate not only the expression of protein-encoding genes but also expression of 
miRNAs, such as  let - 7a ,  miR - 9 ,  miR - 34 ,  miR - 124 ,  miR - 137 ,  miR - 148 , and  miR - 203  
[ 108 ], and many miRNAs are found near  CpG  islands [ 109 ]. The  let - 7a - 3  locus was 
found to be hypomethylated in lung adenocarcinoma, and elevated expression of 
this locus resulted in enhanced oncogenic gene transcription [ 110 ]. A high correla-
tion was found between miRNAs and  CpG  islands with several miRNA loci (includ-
ing  miR - 9 ,  miR - 193a ,  miR - 137 ,  miR - 342 ,  miR - 203 , and  miR - 34b / c ) found 
hypermethylated in multiple human cancers [ 107 ,  111 ].  miR - 127 , a tumor- suppressor 
miRNA targeting  BCL - 6 , was found to be embedded in a  CpG  island and silenced 
by DNA methylation [ 112 ,  113 ].  miR - 34b / c CpG  island is a bidirectional promoter, 
and the  CpG  island methylation in colorectal cancer is associated with the silencing 
of both  miR - 34b / c  and  BTG4  [ 114 ]. On the other hand, some miRNAs also can con-
trol epigenetic mechanisms and induce gene silencing by targeting a specifi c gene 
region for DNA methylation and histone modifi cations [ 108 ,  115 ]. The  miR - 29  fam-
ily directly targets DNA methyltransferases ( DNMTs ), and exogenous  miR - 29  can 
reactivate methylation-silenced tumor-suppressor genes by restoring normal pat-
terns of DNA methylation in NSCLC cells [ 116 ]. Interestingly,  miR - 148  has also 
been shown to silence the human  DNMT3b  gene expression, though not by binding 
to the 3′UTR but by targeting the protein coding region of the transcript [ 117 ]. 

 In view of the robust regulatory function of miRNAs as posttranscriptional 
repressors of gene expression, it is not unexpected that compromised miRNA activi-
ties have important biological implications in cancer [ 118 ]. Recent discovery of 
endogenous transcripts acting as natural miRNA decoys, called “competitive endog-
enous RNAs” or “ ceRNAs ” [ 119 ,  120 ] demonstrates that a very delicate balance is 
maintained between the miRNA seed families and their total pool of mRNAs in 
normal cells that is attenuated in tumor cells with major physiologic and phenotypic 
consequences due to altered regulatory functions of miRNAs. In view of the obser-
vations that tumor growth is accelerated in models of global miRNA depletion [ 121 ] 
and 3′ UTRs are frequently shortened in tumors due to alternative polyadenylation 
site choice [ 122 ], it is natural that such anomalies in miRNA regulatory processes 
cause profound changes in gene expression patterns contributing to accelerated evo-
lution of tumor cells.  

4.4     miRNAs as Novel Potential Biomarkers 
For Solid Tumors 

 Given the widespread tissue-specifi c dysregulation of miRNA expression detected 
in cancer, multiple studies have explored the potential usefulness of miRNA expres-
sion profi les as biomarkers of the disease initiation, progression and response to therapy. 
High throughput microarray analyses of miRNAs have been used to identify the 
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tissue of origin for tumors of unknown origin and in poorly differentiated tumors to 
distinguish different tumor subtypes. Such profi ling of miRNAs has revealed that 
accumulation of  miR - 21  and  miR - 181a  in bone marrow appears to be associated 
with prognosis in breast cancer patients and is predictor for recurrence and metasta-
sis [ 123 ]. The high expression level of  miR - 21  was associated with poor therapeutic 
outcome and survival in colon adenocarcinoma as well as response to gemcitabine 
therapy among pancreatic ductal adenocarcinoma (PDAC) patients [ 124 ,  125 ]. For 
liver cancer patients, low  miR - 26  expression correlated with shorter overall survival 
but better response to interferon therapy than those with high expression of this 
miRNA [ 126 ]. Reduced  let - 7  expression in human lung cancers was associated with 
signifi cantly shorter survival after resection [ 37 ]. Loss of  miR - 126     and  miR - 335  
expression in breast tumor patients undergoing relapse associated with poor distal 
metastasis-free survival [ 87 ]. In 2008, two research groups identifi ed tumor-specifi c 
alterations in circulating miRNAs of cancer patients and showed the potential of 
serum and plasma circulating miRNAs as novel noninvasive biomarkers for the 
early diagnosis of cancers and other diseases [ 127 ,  128 ], with the former publica-
tion validating the origin of these miRNAs from cancer tissues. 

 The high throughput technologies of miRNA microarray, real-time PCR array, 
and the next-generation Solexa sequencing generate circulating miRNA signatures 
from body fl uids. The microarray platform enables simultaneous analysis of all 
human miRNAs by either fl uorescent or electrochemical signals, and this technique 
can be redesigned to include newly identifi ed miRNAs. The miRNA profi les in 
serum from human prostate cancer patients analyzed by high-density miRNA 
microarray revealed upregulation of 15 miRNAs ( miR - 16 , - 92a , - 103 , - 107 , - 197 , 
- 34b , - 328 , - 485 - 3p , - 486 - 5p , - 92b , - 574 - 3p , - 636 , - 640 , - 766 , - 885 - 5p ) compared 
with normal donor serum [ 129 ]. Using microarray-based expression profi ling 
followed by real-time quantitative PCR (RT-qPCR) validation, Zhao et al. found 
that 18–31 miRNAs were differentially expressed in subjects with early-stage breast 
cancer by comparing the levels of circulating miRNAs in plasma samples from 20 
women with early-stage breast cancer and 20 matched healthy controls [ 130 ]. 
Following another low density microarray study, fi ve miRNAs ( let - 7f ,  miR - 20b , 
 miR - 30e - 3p ,  miR - 223 , and  miR - 301 ) were validated by real-time PCR in plasma 
from 78 NSCLC patients and 48 controls and correlated with pathologic parameters 
and survival [ 131 ]. Next-generation Solexa sequencing with RT-qPCR assay valida-
tion in NSCLC demonstrated that a set of 11 serum miRNAs were differentially 
expressed between age, sex and stage matched patient cohorts stratifi ed based on 
longer or shorter survival, and among this set, four ( miR - 486 ,  miR - 30d ,  miR - 1 , and 
 miR - 499 ) were associated with decreased overall survival [ 132 ]. A Solexa sequenc-
ing study also demonstrated that 19 serum miRNAs were markedly upregulated in 
gastric cancer patients and 25 circulating miRNAs were overexpressed in patients 
with esophageal squamous cell carcinoma (ESCC) compared with their matched 
controls [ 133 ,  134 ]. A logistic regression model with the best prediction defi ned on 
the basis of four genes ( miRNA - 21 ,  miR - 126 ,  miR - 210 , and  miR - 486 - 5p ), yielded 
86.22 % sensitivity and 96.55 % specifi city in distinguishing NSCLC patients from 
the healthy controls. Furthermore, the panel of miRNAs produced 73.33 % 

4 MicroRNAs in Solid Tumors



54

sensitivity and 96.55 % specifi city in identifying stage I NSCLC patients [ 135 ]. The 
expression levels of fi ve serum miRNAs ( miR - 1 ,  miR - 20a ,  miR - 27a ,  miR - 34 , and 
 miR - 423 - 5p ) were found to correlate with gastric cancer tumor stage. The areas 
under the receiver operating characteristic (ROC) curve of this fi ve-serum miRNA 
signature were 0.879 (95 % CI 0.822–0.936) and 0.831 (95 % CI 0.767–0.898) for 
the two sets of serum samples, which were markedly higher than the routinely used 
biomarkers  CEA  (0.503) and  CA19 - 9  (0.600) [ 136 ]. RT-qPCR analysis also identi-
fi ed a profi le of seven serum miRNAs ( miR - 10a ,  miR - 22 ,  miR - 100 ,  miR - 148b ,  miR - 
223    ,  miR - 133a , and  miR - 127 - 3p ) as ESCC biomarkers. The area under the ROC 
curve for the selected miRNAs ranged from 0.817 to 0.949, signifi cantly higher 
(0.549,  P  < 0.0005) than that obtained for carcinoembryonic antigen ( CEA ). More 
importantly, this panel of seven miRNAs clearly distinguished stage I/II ESCC 
patients from controls [ 134 ]. Five serum miRNAs ( miR - 21 ,  miR - 92 ,  miR - 93 ,  miR - 
126    , and  miR - 29a ) were reported to be signifi cantly overexpressed in a set of 19 
samples from epithelial ovarian cancer patients before therapy compared with 
healthy controls [ 137 ]. The combined expression analyses of  miR - 21 ,  miR - 210 , 
 miR - 155 , and  miR - 196a  in plasma was found to distinguish pancreatic adenocarci-
noma patients from controls [ 138 ]. Interestingly, members of this miRNA panel 
appear to be involved in multiple different human cancers. For example,  miR - 21  has 
been found signifi cantly increased in the plasma/serum of patients with breast can-
cer [ 139 ,  140 ], NSCLC [ 141 ], PDAC [ 138 ], gastric cancer [ 142 ], lung cancer [ 135 , 
 136 ], HCC [ 143 ], prostate cancer [ 144 ], ESCC [ 145 ], and diffuse large B-cell lym-
phoma (DLBCL) [ 146 ]. The circulating  miR - 21  has been suggested as an indepen-
dent prognostic marker for cancer patients [ 139 ,  141 ]; associated with relapse-free 
survival in DLBCL patients [ 146 ] and involved in docetaxel-based drug resistance 
in patients with hormone-refractory prostate cancer [ 144 ]. Elevated expression level 
of  miR - 155  also was detected in plasma/serum of patients with DLBCL [ 146 ], 
breast cancer [ 147 ,  148 ], and lung cancer [ 149 ]. Circulating  miR - 210 , was found 
highly expressed in serum/plasma of patients with lung cancer [ 135 ], DLBCL [ 146 ], 
and as a marker of hypoxic signature associated with adverse outcome in pancreatic 
cancer [ 150 ]. However, some miRNAs have been reported to reveal discordant 
expression patterns in plasma/serum from different cancers: for example, the levels 
of  miR - 92a  was found signifi cantly higher in the plasma/serum from patients with 
advanced-stage colorectal cancer [ 151 ] and breast cancer [ 140 ], but detected at low 
levels in the plasma of patients with acute leukemia [ 152 ] and HCC [ 153 ] compared 
with their matched healthy counterparts. 

 Association of circulating miRNA levels with the presence of tumors is most 
convincingly established by observations that their levels in circulation get restored 
to the normal range after resection of the tumors. For example, serum levels of 
upregulated miRNAs such as  miR - 21  and  miR - 106b , found signifi cantly higher in 
preoperative plasma from patients with gastric cancer were reduced after tumor 
resection [ 142 ]. Similarly, elevated  miR - 500  returned to normal after tumor resec-
tion in three HCC patients [ 154 ]. In breast cancer patients, increased systemic  miR - 195     
and  let - 7a  levels in tumors, and circulation also were reported to go down after tumor 
resection [ 155 ]. Surgical removal of the primary tumor coincided with signifi cant 
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reduction in plasma  miR - 184  levels in patients with squamous cell carcinoma of the 
tongue [ 156 ]. Expression levels of  miR - 96  and  miR - 183  in urine was found to be 
low after surgery in urothelial carcinoma patients [ 157 ]. 

 Although the majority of studies have assessed circulating miRNAs in serum and 
plasma, recent studies have indicated that tumor-specifi c miRNAs in other body 
fl uids may also serve as sensitive and specifi c biomarkers for cancer. The presence 
of such miRNAs in body fl uids represents not only a gold mine of circulating cancer 
biomarkers for detection, diagnosis and prognosis but also surrogate therapeutic 
targets. For instance, signifi cantly increased  miR - 96  and  miR - 183  levels in urine 
were associated with advancing tumor grade and pathological stage in patients with 
urothelial carcinoma [ 157 ]. Elevation in urine  miR - 1236 ,  miR - 374a ,  miR - 767 - 3p  
and absence of  miR - 200a  and  miR - 891b  were also observed in samples from patients 
with bladder urothelial cancers [ 158 ]. Signifi cantly low levels of  miR - 125a  and 
 miR - 200a  in the saliva of cancer patients with oral squamous cell carcinoma com-
pared with matched healthy controls has been reported [ 159 ]. In case of HCC, sen-
sitivity of urine  miR - 650  levels and the specifi city of the combination of  miR - 618  
and  miR - 650  levels for detecting disease were found greatly improved compared 
with the sensitivity and specifi city of the conventionally used AFP-based detection 
assay [ 160 ]. To date, miRNAs have been detected in tears, breast milk, bronchial 
lavage, colostrum, as well as seminal, amniotic, pleural, peritoneal, and cerebrospi-
nal fl uids [ 158 ,  161 ]. Unsupervised hierarchical clustering analysis of the com-
monly expressed miRNAs showed that the miRNA spectrum in plasma was different 
from that of most other body fl uids [ 158 ]. A recent study has also revealed that 
blood cells contribute to circulating miRNA profi les and that perturbations in blood 
cell counts and hemolysis can alter plasma miRNA biomarker levels by up to 
50-fold [ 162 ]. These fi ndings suggest that caution should be exercised in interpret-
ing the circulating micro RNA profi ling data since these may sometimes refl ect 
body fl uid specifi c cell based phenomenon rather than variations in the levels of 
cancer specifi c biomarkers. 

 In case of circulating miRNAs refl ecting the levels expressed in tumors, the 
mechanisms underlying their release in circulation remains largely unclear. The 
extracellular RNA is most likely protected within protein or lipid vesicles, possibly 
apoptotic bodies. Circulating miRNAs in body fl uids and extracellular fl uid com-
partments have been proposed to have hormone-like effects with signifi cant physi-
ological consequences in cells at distant sites [ 161 ]. miRNAs may also passively 
leak from apoptotic or necrotic cells, which has been shown to occur after heart 
tissue injury [ 163 ,  164 ]. The secretion of miRNAs by tumor cells is associated with 
their ability to infl uence the surrounding microenvironment for their own benefi t. 
Pre-miRNA molecules in the cytoplasm can bind to specifi c proteins responsible for 
their stability and in association with multivesicular bodies ( MVBs ) and exosomes, 
can deliver the miRNAs to the recipient cells by the process of endocytosis through 
inward budding of endosomal membranes, giving rise to intracellular  MVBs  that 
later fuse with the plasma membrane, releasing the exosomes into the circulating 
compartments and bloodstream [ 165 ]. The exosomes containing mRNA, miRNAs, 
and angiogenic proteins released by tumor cells have been detected [ 166 ]. Secretion 
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of microvesicle-free miRNAs, selectively packed into microparticles and exosomes, 
released by cells via shedding of microvesicles could be derived from tumor cells. 
With the capability to be effi ciently transferred between cells, circulating miRNAs, 
particularly cell-derived microvesicle-contained miRNAs, may be an essential part 
of the cellular responses to exogenous challenges [ 167 ,  168 ].  

4.5     miRNAs as Potential Therapeutic Targets in Cancer 

 As mentioned above, miRNAs are involved in the regulation of cell proliferation, 
differentiation, apoptosis, and survival, as well as tumor development, metastasis 
and drug resistance. The loss and gain of miRNA functions contribute to cancer 
initiation and progression and are, therefore, involved in the pathogenesis of cancer. 
So, differentially expressing tumor associated miRNAs are being evaluated as 
potential therapeutic targets for cancer treatment. The strategies for miRNA-based 
therapies include inhibiting oncogenic miRNAs and restoring tumor-suppressor 
miRNAs. Direct inhibition of miRNAs can be achieved by using antisense oligo-
nucleotides to bind and sequester the target miRNA. A recent study has shown that 
chemically engineered oligonucleotides, as antagomirs, which are specifi c inhibi-
tors of endogenous miRNAs in mice, could be used to silence oncogenic miRNAs, 
such as the  miR - 17 - 92  cluster, for anticancer therapy [ 169 ]. The antagonism of  miR - 
122     by the LNA oligonucleotide  SPC3649  leads to marked suppression of viremia 
in chronically HCV-infected chimpanzees [ 170 ]. At the same time, chemotherapy in 
combination with miRNA-based therapies is being investigated. For example,  miR - 
181a     and  miR - 630  play roles in regulating DNA damage-induced apoptosis.  miR - 
181a     can sensitize cells to cisplatin-induced DNA damage by stimulating  Bax  
oligomerization and activating proapoptotic caspases, whereas  miR - 630  confers 
cytoprotection resulting from decreased proliferation coupled to upstream inhibi-
tion of the signaling cascades that emanate from damaged DNA [ 171 ]. 

 Restoring tumor-suppressor miRNAs by miRNA replacement involves reintro-
ducing synthetic miRNA mimics that rescue the gene expression regulation abro-
gated in absence of the tumor suppressor miRNA in tumor cells. Designing of 
 miR - 34  tumor suppressor therapy may be among the fi rst treatments using miRNA 
mimics to reach the clinic [ 172 ].  miR - 34a  delivered by  GC4 -targeted nanoparticles 
signifi cantly downregulated the expression of survivin in the metastatic tumors and 
reduced tumor load in the lung [ 173 ]. Systemic delivery of  miR - 34a  mimics also 
effectively reduced advanced lung tumors in a  KRAS -activated NSCLC mouse 
model through inhibition of proliferation and induction of apoptosis [ 174 ]. The 
growth of orthotopic xenografts was reported to be signifi cantly inhibited by resto-
ration of either  miR - 34a  or  miR - 143 / 145  through systemic nanovector delivery 
[ 175 ]. It is interesting that those miRNAs with tumor-suppressive effect, such as 
members of the  miR - 200  family, have been shown to prime cancer stem cells for 
drug sensitivity. In a breast cancer model containing tumor-initiating cells with a 
 CD44 +/ CD24 − phenotype, introduction of  miR - 128  made the cells more sensitive 
to doxorubicin treatment compared with the control parental tumor cells [ 176 ]. 
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Using polyurethane polyethylenimine (PU-PEI) as the therapeutic delivery vehicle, 
PU-PEI mediated delivery of  miR - 145  inhibited the tumorigenic cancer stem cell 
(CSC) like properties of  CD133 + glioblastoma cells facilitating their differentiation 
into non CSC like  CD133 − cells, which showed reduced antiapoptotic potential and 
sensitivity to temozolomide [ 177 ]. These studies point to the usefulness of miRNA 
mediated therapeutic strategies in inducing differentiation and restoration of drug 
sensitivity to CSC [ 178 ]. A novel epigenetic therapy approach with inhibitors of 
DNA methylation and  HDAC  to activate miRNAs was demonstrated that involved 
activation of tumor-suppressor miRNAs such as  miR - 127  by chromatin-modifying 
drugs, which could have an anticancer effect through downregulation of the target 
oncogenes [ 112 ]. 

 For miRNA-based therapies to work, it will be necessary to develop effective 
delivery mechanisms that will ensure stability of the molecules and their suffi cient 
uptake in target cells while minimizing off-target adverse effects. This would also 
require optimizing the chemistry and size of the synthetic oligonucleotides to 
achieve better binding effi ciency and increased stability. Delivery mechanisms 
range from the use of adenoviral vector-based delivery to cationic liposomes to 
polymer-based nanoparticles [ 179 ]. New miRNA-based treatments would require 
selective and accurate delivery of the agents to the target tumors to increase thera-
peutic potential and reduce possible side effects [ 180 ]. In one study a neutral lipid 
emulsion did not lead to accumulation of miRNA in liver and displayed excellent 
delivery to normal lung and orthotopic lung tumors [ 174 ]. Targeted miRNA deliv-
ery to specifi c tissues is possible when tumor-specifi c ligands are linked to nanopar-
ticles that can then be selectively directed to tumor cells. 

 Finally, targeting an individual gene or a subset of genes with multiple tumor- 
suppressive miRNAs should enhance the therapeutic effect, and the combined use 
of two or three miRNAs that target the same gene would decrease the likelihood of 
mutation-induced resistance [ 181 ].  

4.6     Conclusion 

 The discovery of differentially expressed tumor associated miRNAs has unraveled 
novel genetic mechanisms underlying deregulated gene expression in solid tumors. 
Identifi cation of oncogenic and tumor suppressor miRNAs affecting critical tumor 
relevant genetic networks and cellular pathways makes it imperative that investiga-
tion of miRNA regulatory networks be pursued in depth to elucidate their detailed 
functional involvement in the initiation and progression of tumors. Findings 
obtained so far offer compelling evidence in favor of miRNAs being informative 
cancer biomarkers and their presence in body fl uids make it extremely likely that 
profi ling of circulating miRNAs hold the promise of being developed as minimally 
invasive sensitive and specifi c biomarker assays for cancer in the near future. 
Furthermore, preclinical studies strongly suggest that tumor associated miRNAs 
may prove to be effective therapeutic targets for treatment of cancers.    
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    Abstract     Besides normal hematopoiesis, microRNAs (miRNAs) have been found 
to be essentially involved in the development of various hematological malignan-
cies. Here, we review the role of miRNAs in lymphoid neoplasias, with focus on 
lymphomas as well as myeloid malignancies such as acute myeloid leukemia.  

  Keywords     miRNA   •   Cancer   •   Leukemia   •   Lymphoma   •   Oncogene   •   Tumor 
 suppressor   •   Therapy   •   Survival  

5.1         Introduction 

 Much evidence implicates miRNAs as contributing factors in the pathogenesis of 
hematological neoplasias. A provocative observation made by Calin et al. was that 
a large number of known recurrent genomic alterations involved in cancer are in 
close proximity to miRNA genes, suggesting that these rearrangements affect the 
expression of miRNAs with tumor suppressive or oncogenic properties. Indeed, 
multiple miRNAs have been implied in the pathogenesis of various neoplasias. 
Especially in chronic lymphocytic leukemia (CLL), the fi rst connection between a 
frequent loss of chromosomal region 13q14.2 containing two miRNAs (miR-15a 
and miR-16-1) and the pathogenesis of the disease was discovered. Therefore, the 
pathophysiological role of miRNAs in lymphomas was recognized even before their 
regulatory role in normal hematopoiesis.  
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5.2     Chronic Lymphocytic Leukemia 

 CLL is the most frequent form of leukemia in adults in the western world, affecting 
roughly 4 out of 100,000 people per year with a prevalence in men and a median age 
at diagnosis of 72 years [ 1 ]. People affected by CLL are usually not treated right 
from the time-point of diagnosis but with developing symptoms or progression to 
advanced stage [ 2 ]. Treatment has changed throughout the last decades switching 
from single substance treatment (with Fludarabine) to combined chemotherapy pro-
tocols (including Fludarabine and Chlorambucil) and with the advent of monoclo-
nal antibodies to chemoimmunotherapy (with Fludarabine, Chlorambucil, and 
Rituximab) showing signifi cant improvement in complete response (CR) rates [ 3 ]. 
Deletion of chromosome 17p and mutation of p53 have been clearly identifi ed as 
predictive for refractoriness, but a considerable portion of cases with refractory dis-
ease or insuffi cient response and early relapse might not exhibit these established 
markers [ 4 ,  5 ]. Characterizing the genetic background and clinical presentation of 
CLL helped to identify risk groups the clinician can use for models to predict the 
clinical course, for management of follow up and rational treatment choice [ 5 ]. 

 Classical features include recurring genomic aberrations and gene mutations 
such as TP53 [ 6 ] and ATM [ 7 ], somatic mutations in the variable regions of the 
immunoglobulin (Ig) heavy chain (IGHV) genes [ 8 ,  9 ], biased IGHV usage and 
stereotyped B cell receptors (BCRs) [ 8 ,  10 ,  11 ]. In about 80 % of all CLL cases 
chromosomal aberrations can be identifi ed, mostly showing deletion of chromo-
some 13q14 (55 %) or 11q (18 %), trisomy of chromosome 12 (16 %), or deletion 
of chromosome 17p (7 %) [ 12 ]. Central genes identifi ed at the minimal deleted 
region are the ataxia teleangiectasia-mutated (ATM) gene spanning the chromo-
some bands 11q22.3–q23.1 [ 13 ], the tumor suppressor gene TP53 at 17p13 [ 14 ,  15 ] 
and the cluster of two miRNAs named miR-15a and miR-16-1 within the DLEU2 
gene on chromosome 13q14.2 [ 16 ]. 

 The search for a putative target-gene of these miRNAs identifi ed the BCL-2 gene 
by sequence-complementarity with the seed regions of both miRNAs. Functional 
validation confi rmed the potential for posttranscriptional repression of BCL2 with 
an increased rate of apoptosis in MEG-01 cells in vitro and decreased tumorigenic-
ity in xenograft mouse-models upon transfection with miR-15/16 [ 17 ,  18 ]. By gen-
erating a mouse model with a deletion of the DLEU2/miR-15a/16-1 cluster, Ulf 
Klein and colleagues proved the pathogenic effect mediated through the loss of 
these miRNAs. Mice with loss of the minimal deleted region or with sole miR-
15a/16-1 deletion both developed clonal B-cell lymphoproliferation with a slightly 
pronounced effect when DLEU2 was affected as well. The loss of miR-15a and 
miR-16- 1 affected growth, cell-cycle control and apoptosis, though the effect on 
BCL2 remains controversial [ 19 ]. As the involvement of DLEU2 already implicated 
additional mechanisms beside the loss of miR-15a and miR-16-1 that foster lym-
phoma development, Lia and colleagues provided another mouse model in which 
DLEU7 and RNASEH2B were additionally knocked out. Such mice developed 
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more aggressive lymphomas and presented with a phenotype of CLL or SLL (small 
 lymphocytic lymphoma) [ 20 ]. Most interestingly in the context of these two mouse- 
model studies is the observation that patients with monoallelic 13q14 deletion tend 
to express higher miR-15a/16-1 levels than patients with a biallelic 13q14 deletion 
[ 21 ] and the growth kinetics of lymphocytes is slower in patients with a monoallelic 
compared to biallelic 13q14 deletion [ 22 ]. Although this phenotypes suggest differ-
ences in the clinical course, current studies draw a heterogeneous picture without a 
clear prognostic difference [ 23 ,  24 ]. With ongoing research, the functional network 
of miR-15/miR-16 steadily grows in complexity. Central target genes regulated by 
these miRNAs are involved in cell-cycle, cell-growth and apoptosis. Moreover, a 
regulatory loop with TP53 has been unmasked in a recent study by Fabbri and 
 colleagues. While p53 can lead to the induction of miR-15a/miR-16-1 through 
upstream binding sites, the miRNA themselves specifi cally target TP53 and reduce 
protein and mRNA-levels [ 25 ]. Beside deletions or rare mutations leading to defec-
tive precursor transcript processing [ 26 ] epigenetic mechanisms have recently been 
identifi ed as well. In the study by Sampath et al., epigenetic silencing of miR-15a, 
miR-16, and miR-29b mediated by histone deacetylases has been found in one-third 
of all investigated CLL samples. Exposure to histone deacetylases inhibitors led to 
the induction of all of these miRNAs and was associated with declines in the levels 
of MCL-1 but not BCL-2 [ 27 ]. With respect to the underlying (cyto-) genetic and 
newly identifi ed epigenetic abnormalities and its clinical presentation, specifi c 
miRNA expression patterns help to uncover individual mechanims involved in CLL 
subgroups and to sharpen prognostic models [ 28 – 30 ]. Although the majority of 
deregulated miRNAs are not located at the commonly deleted regions in CLL, the 
regulatory changes seem to converge in similar functional routes as found for the 
p53-pathway. MiRNAs found to be specifi cally deregulated in conditions with dys-
functional p53 include miR-151-3p, miR-29c, miR-34a (downregulated) [ 28 ], miR-
21, miR-155, miR-15a (upregulated) miR-34a, miR-181b (downregulated) [ 30 ], 
miR-34a, miR-29c, miR-17-5p (downregulated) [ 31 ]. Changes of miR-34a levels 
seem crucial, since this miRNA has been identifi ed as a direct target of p53, taking 
a central part in the DNA-damage response [ 32 – 34 ]. The functional role and clinical 
relevance in CLL has been confi rmed in a recent study showing that irradiation of 
CLL cells without functional p53 did not lead to induction of miR-34a. Low levels of 
miR-34a were found in association with fl udarabine-refractory disease and impaired 
DNA-damage response even in cases without 17p-deletion or TP53 mutation. 

 Profi ling studies aiming to discover miRNAs that could be further used as sur-
rogate or prognostic markers were able to identify specifi c patterns of deregulation. 

 Initial studies using supervised approaches generated characteristic profi les 
based on the IGHV mutation status and ZAP-70 expression [ 26 ,  35 ]. Subsequent 
studies were able to confi rm the association of decreased miR-223 levels and mem-
bers of the miR-29 family with unmutated IGHV genes and disease progression [ 11 , 
 21 ,  29 ,  36 ]. Shorter treatment free survival and reduced overall survival was shown 
for cases with low miR-223 and miR-29c. By using a specifi cally developed score 
based on the expression levels of these two miRNAs, ZAP-70 and LPL levels, 
Stamatopoulos et al. were even able to distinguish prognostic subgroups [ 29 ]. 
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 With the focus on miRNAs that correlate with 17p-deletion in CLL, one study 
was able to identify two miRNAs with prognostic relevance irrespective of other 
clinical-pathologic factors. Low miR-181b expression and high miR-21 expression 
were identifi ed as poor prognostic features and signifi cantly associated with OS and 
PFS [ 30 ]. Confi rmation of the prognostic relevance of miR-181b came from a sub-
sequent study that analyzed miRNA expression changes in patients with stable and 
progressive CLL. By investigating patient-matched and sequentially sampled leuke-
mic cells, miR-181b was found to decrease over time only in samples derived from 
patients with progressive disease [ 37 ]. Putative targets of miR-181b include the 
myeloid cell leukemia sequence 1 gene (MCL-1) [ 37 ], a member of the BCL-2 
 family with anti-apoptotic function, and the pleomorphic adenoma gene 1 (PLAG1) 
oncogene [ 38 ]. Of note in this context is the observation that miR-181 together with 
miR-29c have previously been shown to be downregulated in cases with 11q deletion 
and found to inversely correlate with the TCL1-oncogene [ 39 ]. Interestingly, the 
 miR- 29 family also downregulates MCL1 [ 40 ], which itself is associated with unfa-
vorable prognostic factors and disease course [ 41 ]. The example of concomitant 
downregulation of miR-181 and miR-29 highlights the functional synergism 
 miRNAs can generate in pathogenic circumstances.  

5.3     Follicular Lymphoma 

 Follicular lymphoma (FL) represents one of the most common non-Hodgkin lym-
phomas in the western world. Its incidence approximates 2.6 per 100,000 with an 
median age ranging between 60 and 70 years at diagnosis with a slight predomi-
nance in females: FL typically exhibits the t(14;18)(q32;q21) chromosomal translo-
cation with subsequent proximity of the BCL2 gene on chromosome 18 and the 
immunoglobulin heavy chain gene locus which result in high levels of the anti- 
apoptotic protein BCL-2. Despite its frequency, literature covering the relevance of 
miRNAs in this disease is rare. Roehle et al. investigated the lymphoma specifi c 
expression signature in DLBCL, FL and non-neoplastic lymph nodes and developed 
a classifi cation tree consisting of four miRNAs (miR-330, miR-210, miR-17-5p, 
and miR-106b) with which most cases were assigned to the  correct entity [ 42 ]. 

 Though FL usually shows a slow and indolent clinical course transformation to 
more aggressive DLBCL takes place in a considerable portion of cases [ 43 ,  44 ]. To 
detect transformation associated changes in miRNA expression levels, Lawrie 
et al. compared transformed DLBCL cases with de novo DLBCL and FL cases with 
subsequent transformation to cases without transformation at a median follow-up of 
5 years. 

 Of note, prediction of transformation for FL cases was possible by utilizing six 
miRNAs (miR-223, miR-217, miR-222, miR-221, and let-7i and let-7b) and there-
fore highlights the potential as novel prognostic marker. In addition, de novo 
DLBCL and transformed cases were differentiated based on a 12 miRNA signature 
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[ 45 ]. Despite FL mostly evolves through its characteristic translocation, a subset of 
approximately 10 % of cases do not exhibit the t(14;18)(q32;q21) and mostly BCL2 
is not expressed. Analysis of differences in miRNA levels of t(14;18)-positive and 
t(14;18)-negative FL identifi ed 17 miRNAs to be downregulated in FL lacking 
t(14;18). Using a highly sophisticated approach, the authors succeeded to correlate 
fi ve downregulated miRNAs (miR-16, miR-26a, miR-101, miR-29c, and miR-138) 
in the t(14;18)-negative FL subset with signifi cant mRNA expression changes of 
their predicted targets. Validation of these miRNAs using qPCR confi rmed the 
downregulation of miR-26a, miR-29c, miR-138, and most signifi cantly miR-16. 
The investigation of putative miR-16 targets like CHEK1 and CDK6 by immuno-
histochemistry revealed an inverse correlation with the respective protein expres-
sion levels [ 46 ].  

5.4     Mantle Cell Lymphoma 

 Mantle cell lymphomas (MCL) represent a highly aggressive form of lymphoma 
and account for 3–10 % of all non-Hodgkin lymphomas that manifest in advanced 
stage with predominance in male patients at higher age [ 47 ,  48 ]. Outcome with 
conventional therapies is poor and median survival ranges around 3–4 years. 
However, novel approaches with intensive regimen, combining immuno- 
chemotherapies followed by autologous stem-cell-transplantation currently lead the 
way to considerable improvement [ 49 ]. The central pathogenic event in MCL is 
t(11;14)(q13;q32) which links the cyclin D1 gene (CCND1) to the immunoglobulin 
heavy chain promoter and leads to consecutive overexpression of cyclin D1 with 
subsequent deregulation of the cell cycle control. In addition, cell-cycle regulators 
like BMI1, INK4a, ARF, CDK4, and RB1 and DNA-damage-pathway members 
like ATM, CHK2, or p53 are frequently affected by chromosomal alteration or 
mutation [ 50 ,  51 ]. 

 Cyclin D1 mRNA transcripts without a full-length 3′ UTR are often detected in 
more aggressive MCL variants with a high proliferation rate and short clinical 
course [ 52 ,  53 ]. Highly interesting in this context is the role of miR-15/miR-16 
which regulate Cyclin D1 expression by targeting its 3′ UTR. Truncation of the 
gene therefore renders MCL cases unresponsive to the posttranscriptional regula-
tion of CCND1 [ 54 ,  55 ]. Moreover, other cell-cycle regulators like CDK6 have been 
identifi ed as miRNA targets. CDK6 belongs to the family of cyclin-dependent pro-
tein kinases and, as the name suggests, acts together with Cyclin D1 (and CDK4) to 
accelerate proliferation. One profi ling-study identifi ed the miR-29 family as regula-
tors of CDK6 and found that patients with signifi cant downregulated miR-29 levels 
had a less favorable clinical course than those with higher expression of miR-29 
[ 56 ]. Another study performed by Navarro et al., investigated the expression of 86 
miRNAs that are located at commonly disrupted genomic regions in MCL. Two 
clusters characterized by different mutational status of the immunoglobulin genes, 
proliferation signature, and number of genomic alterations were detected based on 
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an unsupervised analysis of the generated miRNA expression profi les. Like in 
DLBCL, overexpression of miR-17-5p/miR-20a was found in aggressive tumors 
with high MYC levels [ 57 ]. Another profi ling study, using 23 primary MCL sam-
ples and 8 MCL cell lines identifi ed a MCL miRNA-signature consisting of 117 
miRNAs when compared to that of 11 reactive lymphoid tissues and CD19þ/IgDþ/
CD27 lymph node-sorted B cells, respectively. MiR-617, miR-370 and miR-654 
were found among the most signifi cantly upregulated miRNAs whereas miR-31, 
miR-148a and miR-27b ranged among the most signifi cantly downregulated ones. 
A subsequent bioinformatic approach by combining regular gene expression and 
miRNA-profi les with target-prediction databases hinted to several overactive routes 
including CD40, NF-kB, and mitogen-activated protein kinase (MAPK) pathways. 
Moreover, the authors provide evidence that downregulation of miR-26a leads to 
NF-kB activation potentially by targeting MAP3K2. They show that induced 
expression of miR-26a leads to abrogation of the nuclear translocation of RelA. 
Similar to other studies on different cancer types, the authors here identify miR-20b 
as signifi cantly associated with prognosis in MCL. Patients exhibiting low levels of 
miR-20b had a higher probability for longer survival than patients with high miR- 
20b levels [ 58 ].  

5.5     Diffuse Large B-Cell Lymphoma 

 Diffuse large B-cell lymphoma (DLBCL) belongs to the most frequent aggressive 
B-cell neoplasms with an incidence of approx. 25,000 cases per year in the US [ 59 ]. 
Signifi cant progress in treatment effi cacy has been achieved through the addition of 
rituximab to CHOP-like regimen [ 60 – 63 ]. However, treatment outcome remains 
variable due to the heterogeneity DLBCL presents with regards to clinical aspects, 
biology and pathogenesis. By the use of gene-expression profi ling it was possible to 
link the molecular phenotype of biologically distinct groups to the clinical presenta-
tion. DLBCL can be split in three major subtypes, namely, the germinal-center 
B-cell-like (GCB) DLBCL, the activated B-cell-like (ABC) DLBCL, and the pri-
mary mediastinal DLBCL (PMBCL) with survival rates of 59, 30, and 64 % after 
5-years [ 64 – 66 ]. Molecular characteristics of ABC-DLBCL include overexpression 
of BCL2 and amplifi cation of its locus, deletion of the INK4A–ARF locus, trisomy 
3 with consecutive upregulation of FOXP1 and a constant activation of the nuclear 
factor (NF)-κB pathway. GCB-DLBCL show recurrent t(14;18), TP53 mutations, 
loss of PTEN and amplifi cation of the oncogenic miR-17-92 cluster as well as the 
proto-oncogene REL. Similar to the ABC-subtype, PMBCL present with overactive 
NF-κB signaling, in addition PMBCL show frequent amplifi cation of a chromo-
some region on 9p24 encoding JAK2 and loss or mutation of its suppressor SOCS1 
[ 67 ,  68 ]. Extending the molecular characterization of DLBCL to the miRNA level 
helped to identify further pathogenic mechanisms. The lymphoma specifi c rele-
vance of the BIC-locus transcript has been known since the end of the 1980s [ 69 ]. 
However, suggestions for the classifi cation and a putative role as noncoding RNA 
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[ 70 ,  71 ] as well as the observation that miR-155 is encoded in the BIC- transcript 
were published several years later [ 72 ]. Consequently miR-155 has been classifi ed 
as an oncogenic acting miRNA due to its frequent overexpression in a variety of 
B-cell neoplasms [ 72 ,  73 ]. Following experiments confi rmed its oncogenic poten-
tial in transgenic mice that overexpress miR-155 and develop a pre-B- 
lymphoproliferative disease with consecutive progression to high-grade B-cell 
neoplasms [ 74 ]. Mechanistically, the downregulation of SHIP, a negative regulator 
of PI3K-signaling, and C/EBPβ have been attributed to the lymphoma mediating 
effects of this miRNA [ 75 ,  76 ]. MiR-155 shows higher levels in PMBCL and ABC- 
than in GCB-DLBCL which may be attributed to the constitutive activation of the 
(NF-κB) pathway in these DLBCL subtypes [ 66 ,  77 ,  78 ], beside AP1 and MYB, 
NF-κB has been identifi ed as central regulator of miR-155 expression [ 79 ,  80 ] and 
sustained upregulation of miR-155 was found to happen in response to autocrine 
stimulation by the tumor necrosis factor α (TNFα) [ 76 ]. GCB-DLBCL have lower 
levels of miR-155, however, the GCB-type specifi c loss of PTEN [ 81 ,  82 ] or ampli-
fi cation of the miR-17-92 cluster [ 82 ] which targets PTEN [ 83 ] point to the observed 
importance of maintaining PI3K-signaling in DLBCL [ 84 ]. Overexpression of the 
miR-17-92 cluster in lymphomas [ 85 ] and a MYC driven overexpression in DLBCL 
has been confi rmed in independent studies [ 82 ,  86 ]. By using an integrative approach 
through combining the results of miR specifi c array CGH and microarray based 
miRNA expression profi ling, Li et al. were able to generate a detailed map of com-
monly disrupted miRNA-loci in the DLBCL genome [ 86 ]. Hierarchical clustering 
of the investigated miRNAs separated the analyzed DLBCLs in three subsets inde-
pendent of the hitherto identifi ed DLBCL subclasses but with respect to the tran-
scriptional level of MYC. Generated subgroup profi les were associated with 
transcriptional levels of MYC, infl uenced by genomic abnormalities and showed 
signifi cant overlap with the discriminating miRNA profi les of B-cell subsets [ 86 ]. 
The central role for malignant transformation has been shown in a mouse B-cell 
lymphoma model where enforced expression of the miR-17-92 cluster acted with 
MYC expression to accelerate tumor development [ 87 ]. This miRNA cluster was 
identifi ed to regulate the cell cycle and inhibit apoptosis that takes place at a higher 
rate if the miR-17-92 cluster is not expressed. Essentially, this effect was attributed 
to miR-17 and miR-20a by targeting the E2F family members [ 88 – 90 ]. With respect 
to the seed sequence homology the miR-17-92 cluster consists of the families miR- 
17/miR-20a, miR-18a, miR-19a/1miR-19b, and miR-92a. The selective deletion or 
overexpression of single family members of this cluster helped to identify the miR- 
19 family as most relevant for MYC-induced lymphomagenesis with PTEN as its 
main target [ 91 ,  92 ]. Moreover the miR-17-92 cluster was found to target the cyclin- 
dependent kinase inhibitor CDKN1A/p21 with consecutive increase in cell growth 
and to regulate the proapoptotic protein Bim, leading to overexpression of BCL-2 
[ 93 ]. Uncontrolled expression of the clusters miR-17-92/miR-106b-25 and/or other 
family members in the miR-106a-363 cluster may also guide malignant cells to 
escape from TGFβ-dependent cell cycle arrest and apoptosis as previously exempli-
fi ed [ 94 ]. Since miR-155 targets SMAD5 and renders DLBCL resistant to growth 
inhibitory effects that are mediated through cytokines of the bone morphogenetic 
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protein (BMP) family and transforming growth factor (TGF)-β [ 95 ], the  cooperative 
action of these miRNAs represents an exemplary model on how different molecular 
routes may converge in pathogenic effects. Clinical relevance was found by the 
observation that DLBCL cases with upregulation of miR-17-92 and its paralog 
miR-106a-363 had the worst overall survival (OS) in one study [ 86 ].  

5.6     Primary CNS Lymphoma 

 Beside the frequent occurrence of DLBCL without involvement of the central ner-
vous system, a rare subtype of lymphoma presents with isolated manifestation in the 
brain, spinal cord or related structures and is therefore called primary CNS lym-
phoma (PCNSL). The majority of these cases can be classifi ed as DLBCL and show 
an invariably poor outcome [ 96 ]. Data on differential regulation of miRNAs in this 
lymphoma-subtype and a specifi c pathogenic role is scarce due to the rare occur-
rence and diffi cult sampling procedure. A recent study investigated the miRNA 
expression in 11 samples of PCNSL compared to 10 samples of nodal DLBCL. 18 
miRNAs turned out to be differentially regulated. Upregulated miRNAs in PCNSL 
were associated with the Myc-pathway (miR-17-5p, miR-20a, miR-9), blocking of 
terminal B-cell differentiation (miR-9, miR-30b/c) and infl ammatory cytokines 
(miR-155), whereas downregulated miRNAs were found to involve miRNAs with 
ascribed tumor-suppressor function (miR-199a, miR-214, miR-193b, miR-145). 
Amongst brain specifi c miRNAs, only miR-9 was found to be upregulated in 
PCNSL cases [ 97 ]. Another study analyzed the differential expression of 15 miR-
NAs (miR-15a, miR-15b, miR-16, miR-17-3p, miR-17-5p, miR-18a, miR-19a, 
miR-19b, miR-20a, miR-21, miR-92, miR-127, miR-155, miR-181a, and miR-221) 
in 19 nodal cases without extranodal dissemination, 9 cases of PCNSL, 11 cases of 
primary testicular and 11 cases of other primary extranodal DLBCL and identifi ed 
a signifi cantly higher expression level of miR-17-5p in the cases with CNS manifes-
tation [ 98 ]. Both studies did not identify differential expression between germinal 
and non-germinal center DLBCL cases of any of the investigated miRNAs [ 97 ,  98 ]. 

 Investigations on the prognostic value of miRNAs in DLBCL identifi ed several 
miRNAs that may help to predict the clinical course. Montes-Moreno et al. retro-
spectively analyzed a series of 258 de novo cases of DLBCL treated with standard 
protocols (243 Patients of this cohort were treated with R-CHOP) and identifi ed a 
set of 9 miRNAs with prognostic relevance. Seven of these miRNAs (miR-221, 
miR-222,miR-331, miR-451, miR-28, miR-151, and miR-148a) were identifi ed 
with respect to the putative cellular origin as previously described [ 99 ]. Two addi-
tional, independent prognostic miRNAs were miR-93 and miR-491. The authors 
succeeded to identify a high-risk group of patients with a 2-year OS and a progres-
sion free survival (PFS) probability of <50 % by applying a combined model includ-
ing the IPI score [ 100 ]. Lawrie et al. who evaluated three miRNAs (miR-21, 
miR-155, or miR-221) which were differentially expressed between ABC and 
GCB-DLBCL identifi ed miR-21 as independent prognostic marker. In this 

J. Bloehdorn et al.



75

retrospective series of 49 de novo DLBCL, high miR-21 expression was associated 
with longer relapse free survival [ 101 ]. The specifi c evaluation of three miRNAs 
(miR- 21, miR-155, and miR-222) in another study on 106 DLBCL cases uniformly 
treated with R-CHOP therapy found a correlation of high levels of miR-222 and 
shorter OS and PFS [ 102 ]. 11 miRNAs that had been previously identifi ed as vari-
ably expressed in DLBCL were investigated in an independent study in patients 
uniformly treated with R-CHOP, high levels of miR-18a were correlated with 
shorter OS, high levels of miR-181a were associated with longer PFS and increase 
expression miR-222 with shorter PFS [ 103 ].  

5.7     Burkitt’s Lymphoma 

 Burkitt’s Lymphoma (BL) represents a high-grade B-cell neoplasm belonging to the 
class of Non-Hodgkin’s lymphoma. BL has a highly aggressive clinical phenotype 
and is one of the most rapidly dividing tumors in humans with an approximate dou-
bling time of 24 h [ 104 ]. With respect to its epidemiological presentation BL is 
subdivided in three different groups, namely, endemic BL, HIV-associated BL, and 
sporadic BL. Epstein–Barr Virus genome (EBV) is found in nearly all cases with 
endemic BL with its geographic hot-spot found in equatorial Africa, whereas the 
minority of sporadic BL and less than half of the HIV-associated BL are tested posi-
tive for EBV. Endemic BL in equatorial Africa is prevalent in children of the younger 
age, has distinct predilection sites like the jaw and shows an incidence that is 50 
times higher than in the US. Unlike endemic BL sporadic BL mostly manifests with 
abdominal bulks in young adults and, with an incidence of 1–2 %, belongs to the 
less frequent form of lymphoma in Western Europe and the United States. Mortality 
shows a close correlation with age, rising consistently from pediatric patients to 
older adults [ 105 ]. The current basis of BL treatment consists of high intensity, 
brief-duration regimens, with which 65–100 % of adults achieve a CR and 47–86 % 
of patients maintaining these remissions at least 1 year following therapy (reviewed 
in [ 106 ]). The combination of high intensity regimen with the monoclonal antibody 
Rituximab has increased response rates in BL patients [ 107 ]. The major pathogenic 
event in BL is the translocation of the MYC gene to the immunoglobulin (Ig) heavy- 
IgH t(8;14) or light-chain (Ig-κ, Ig-λ) t(2;8) or t(8;22) locus with subsequent over-
expression of MYC [ 108 ]. Similar to mRNA-based gene expression profi ling that 
can reliably classify classic BL and might even more reliably distinguish borderline 
cases [ 109 ], miRNA based approaches succeed to accurately classify cases with 
DLBCL or BL regardless to the sometimes overlapping morphology [ 110 ]. 
However, subtypes of BL show a rather homogenous miRNA profi le and might 
therefore be more similar with respect to underlying pathogenic mechanisms than 
one would assume from the epidemiologic distribution [ 110 ]. Transcriptional 
 activity of Myc is central to differences in miRNA profi les between BL and other 
lymphoma entities [ 110 ,  111 ]. Especially members of the miR-17-92 cluster were 
identifi ed as targets of Myc with a signifi cant overexpression in Myc driven 
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lymphomas [ 87 ]. In contrast, activation of Myc may also leads to a widespread 
repression of miRNAs with tumor suppressive function. MiR-22, miR-26a, miR-
29c, miR-30e, miR-146a, let-7, miR-15a, miR-29a, miR-34a, miR-195, and miR-
150 were identifi ed in one study by microarray screens as specifi cally downregulated 
by Myc. Enforced expression of these miRNAs reduced the tumorigenic potential 
of lymphoma cells [ 112 ]. Myc-dependent deregulation of miR-26a, miR-181a, and 
miR-16 has been associated with altered cell proliferation and loss of miR-26a leads 
to overexpression of its targeted oncogene EZH2 [ 113 ]. In addition let-7a, which 
targets and suppresses Myc is similarly downregulated in this genetic entity and 
therefore represents a blocked autoregulatory mechanism for the control of Myc 
[ 114 ]. However, deregulated miRNA expression is not only induced on the basis of 
the transcriptional activity of Myc itself. The closer analysis of t(8;14) negative BL 
cases and translocation-positive BL provides evidence for a specifi c role of miR-9* 
in this context. Of note is the fi nding of signifi cant downregulation of miR- 9* in 
cases without Myc-translocation and a strong methylation of the miR-9-1 gene. 
Mechanistically, miR-9* can target E2F1 (which itself is able to induce Myc) and 
by this indirectly leads to changes in Myc expression levels [ 115 ].  

5.8     Multiple Myeloma 

 Multiple myeloma is characterized by uncontrolled clonal expansion of malignant 
plasma cells. Usually, the clinically defi ned stages in the supposed sequential devel-
opment of myeloma include monoclonal gammopathy of undetermined clinical sig-
nifi cance (MGUS), consecutive progression to smoldering myeloma and at the end 
to symptomatic myeloma [ 116 ]. The approximate incidence per year is 5–6 cases 
per 100000 persons, with a median age of 70 years. Post-germinal-center B-cells 
with constant proliferation are considered as basis for further transformation trig-
gered by genetic and microenvironmental changes [ 116 ,  117 ]. On the molecular 
level multiple myeloma is usually characterized by a complex karyotype. Recurrent 
genomic changes are regularly found and include hyperdiploidy, deletion of chro-
mosome 13, gain of chromosome 1q, translocations with IgH on chromosome 14q, 
deletion of chromosome 17p and indicate variable clinical course [ 116 ,  118 – 120 ]. 
Translocations of 14q involve specifi c partner regions with consecutively deregu-
lated genes on 11q13 (CCND1) [ 121 ,  122 ] and 6p21 (CCND3) [ 123 ], 4p16 
(MMSET and FGFR3) [ 124 – 126 ], 16q23 (MAF) [ 126 ,  127 ], and 20q11 (MAFB) 
and are additionally used as subgroup discriminators [ 119 ]. Beside cytogenetic 
changes, NRAS and KRAS have been found mutated in approximately one-third of 
investigated MM cases [ 128 ] and differentiate between MM and MGUS to a certain 
extend as mutations are found only in 5 % in MGUS [ 116 ,  129 ,  130 ]. Profi ling of 
miRNAs with respect to the underlying cytogenetic changes in MM identifi ed 
expression patterns mainly linked with the major IGH translocations [ 131 ,  132 ]. 
Especially in cases with t(4;14) the miR-let-7e, miR-125a-5p, and miR-99b from 
the cluster region at 19q13.33 were specifi cally overexpressed. Allelic imbalances 
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and LOH was associated with changes in expression levels of miRNAs located in 
the affected regions and included miR-let-7b (22q13.31) and miR-140-3p (16q22) 
[ 132 ]. A global assessment aiming to detect differential miRNA expression between 
samples from MM and MGUS patients compared to healthy donors identifi ed sev-
eral discriminating miRNAs with specifi c regulatory function [ 133 ]. Most upregu-
lated miRNAs in MGUS and MM samples involved miR-181a/b, cluster 
miR-106b-25, and miR-21. MiRNAs predominantly upregulated in MM involved 
miR-32 and the miR-17-92 cluster. Functional investigations on these miRNAs 
revealed a potential role in controlling p53 activity by targeting the p300-CBP- 
Associated Factor (PCAF). MiR-19a and b were almost exclusively upregulated in 
MM and shown to target SOCS-1 which suggests a functional interconnection to the 
Il-6R/STAT-3 pathway. Moreover the miR-17-92 cluster was confi rmed as specifi c 
regulator of the pro-apoptotic gene BIM [ 133 ]. MiRNA profi les derived from sam-
ples of relapsed or refractory patients exhibit an overexpression of miR-222, miR- 
221, miR-382, miR-181a and b and decrease of miR-15a and miR-16. Functional 
investigation of miR-15a and miR-16 implicated these two miRNAs as regulators of 
growth and proliferation by interacting with BCL2 (which has been identifi ed in 
CLL [ 18 ]) and AKT3, the ribosomal protein S6 and MAP kinases. Specifi c inhibi-
tion has further been demonstrated on the NF-kB pathway, probably by regulating 
TAB3 [ 134 ] which has previously been found to activate NF-kB signaling [ 135 , 
 136 ]. Myeloma cell surrounding osteoclasts, bone marrow stromal cells or osteo-
blasts secrete numerous factors including IL-6 and MM cells with amplifi cations of 
chromosome 1q21 show overexpression of the IL-6 receptor [ 137 ]. Both mecha-
nisms therefore build the ground for steady or enhanced upregulation of IL-6 depen-
dent genes as was shown for Stat3 mediated and dependent miR-21 expression 
[ 138 ]. Increase of miR-21 levels in the absence of IL-6 signifi cantly reduce apopto-
sis in myeloma cells [ 138 ]. Like miRNA expression can be infl uenced by factors 
derived from surrounding cells as reported for IL-6 [ 138 ], miRNAs themselves can 
shape the microenvironment by regulating the release of mediators like vascular 
endothelial growth factor (VEGF) [ 134 ] which induces neo-angiogenesis and again 
IL-6 secretion [ 139 ]. Overexpression of miR-15a and miR-16-1 can diminish VEGF 
release by direct interaction and decreases consecutive capillary formation in vivo 
and in vitro [ 134 ]. Increased angiogenesis has been shown to promote disease pro-
gression and to render MM cells more resistant to conventional therapeutic 
approaches [ 140 – 143 ]. Decrease or loss of miR-15a and miR-16-1, as found in 13q 
deleted cases, therefore confers advantage in MM and represents an example on 
how pathogenic axes can be interconnected on different levels. However, the exact 
role of miR-15a and miR-16-1 in MM currently remains unclear. While miR-15a 
has been found to be upregulated in newly diagnosed cases [ 133 ,  144 ], other authors 
report low levels of 15a in advanced stages [ 134 ]. Similar to MM with deletion 13q, 
cases with 17p deletion or TP53 mutation show a very poor outcome. Inactivation 
of the p53 pathway by deletion or mutation is usually found at advanced stages 
[ 128 ] though, p53 inactivation has been suggested in the context of MDM2 overex-
pression in MM [ 145 ,  146 ]. A recent study identifi ed a p53 dependent miRNA feed-
back-loop that regulates the expression levels of MDM2 expression. As previously 
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shown for miR-34a (reviewed in [ 147 ]) the miRNA cluster miR-194- 2-192 and 
miR-194-1-215 are direct p53 targets. Activation of p53 induces upregulation of 
these miRNAs with a subsequent downregulation of their mutual target MDM2 and 
fi nally leads to cell-cycle arrest or apoptosis in a p53-dependent manner [ 148 ]. 
Moreover the authors identify the miR-192 and miR-215 dependent inhibitory 
effect on the MDM2 mediated ubiquitination of IGF-1R and its consecutive infl u-
ence on the IGF-1 dependent mobility and invasion of MM cells as previously 
described [ 148 – 150 ]. Of note is the observation that these miRNAs show different 
expression levels in plasma-cells (highest), samples derived from MGUS-patients 
and MM cells (lowest). Aberrant promoter methylation of the miR-194-2-192 cluster, 
which has been identifi ed in MM cell lines, might serve in part as explanation for 
this deregulated miR-expression and consecutive clonal selection [ 148 ].  

5.9     Hodgkin Lymphoma 

 Hodgkin Lymphoma (HL) is a hematologic malignancy with an approximate inci-
dence in the western world of 3 new cases per 100,000 persons and year. Effectiveness 
of treatment has consistently increased over the last years and therapy with current 
protocols achieves 5-year survival rates for patients with early-stage Hodgkin’s 
lymphoma of at least 90 %. With regard to this development, reduction of long-term 
complications affecting the heart or lung and prevention from secondary malignan-
cies gains importance [ 151 ]. The main groups of HL consist of the frequently 
 diagnosed classical Hodgkin’s lymphoma (cHL) and the rare nodular lymphocyte-
predominant Hodgkin’s lymphoma (NLPHL), which account for 95 % and 5 % of 
all HL cases. The classifi cation is based on differences in the morphology, specifi c 
aspects of lymphoma cells and cellular infi ltration pattern. With the diagnosis of 
cHL, subclassifi cation into nodular sclerosis, which accounts for the majority of 
cHL cases, mixed cellularity, lymphocyte depletion, and lymphocyte- rich HL is 
applied. The hallmark of HL is the typical presentation of Hodgkin and Reed–
Sternberg (HRS) cells and the extensive surrounding of these cells with a reactive, 
infl ammatory environment consisting of putatively nonmalignant B- and 
T-lymphocytes, eosinophils, and plasma cells [ 152 ]. 

 Though research currently considers HRS cells as derived from germinal center 
(GC) or post-GC-B-cells, it seems controversial that HRS cells have lost most of 
their B-cell-specifi c gene expression [ 152 ]. HRS cells show constitutive activation 
of NF-κB, JAK–STAT, PI3K–AKT, ERK, AP1, and NOTCH1 signaling and several 
recurrent genetic lesions have been found to majorly involve members of the NF-κB 
and Jak–Stat signaling pathways [ 152 ]. Moreover, the  TNFAIP3  tumor suppressor 
gene, a negative regulator of NF-κB signaling, has been identifi ed to be affected in 
up to 40 % by inactivating mutations [ 153 ,  154 ]. HRS cells are latently infected by 
Epstein–Barr virus (EBV) in about 40 %. The pathogenic relevance for this fi nding 
is attributed to two latent membrane proteins expressed by EBV, which are able to 
mimic active BCR and CD40 receptors [ 155 ,  156 ]. Revelations from miRNA 
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mediated pathogenic effects perfectly fi t into the hitherto delineated pathogenic 
traits that have been identifi ed in HL. Studying microdissected HRS cells from cHL 
patients revealed a specifi c miR expression pattern when compared to CD77+ 
GC-B-cells. Putative targets of these miRNAs (overexpressed: miR-20a, miR-21, 
miR-9, miR-155, miR-16, miR-140, miR-18a, miR-30b, miR-30a-5p, miR-196a, 
miR-374, miR-186 and downregulated: miR-520a, miR-614, miR-200a) include 
numerous members of the SOCS family [ 157 ] which might lead to inactivation of 
SOCS with consecutively activated JAK/STAT signaling as previously described 
[ 158 ]. In addition, this miRNA expression pattern includes multiple well known 
miRNAs from studies on HL [ 73 ,  159 ,  160 ] or other lymphoma entities and differ-
ent cancers as previously outlined. Beside the activation of the JAK/STAT-signaling 
pathway other miRNA mediated mechanisms have been revealed that may have a 
role in HL. Amongst these is the regulation of PRDM1 that is centrally involved in 
the process of plasma cell differentiation and is a target of miR-9 which itself is 
overexpressed in HL [ 159 ]. In addition high levels were found for miR-155 [ 73 ] 
which have been attributed to its specifi c induction through NF-κB, based on the 
EBV mediated expression of LMP1 [ 161 ]. In contrast, the study of Navarro et al. 
could not identify miR-155 as signifi cantly upregulated based on the EBV status. 
Ten miRNAs (miR-96, miR-128a, miR-128b, miR-129, and miR-205 (low levels), 
miR-28, miR-130b, miR-132, miR-140, and miR-330 (high levels)) were differen-
tially expressed in EBV+ cHL compared with EBV− cHL [ 162 ]. 

 Amongst the signature based on 25-miRNAs that could be used to differentiate 
between classic HL and reactive lymph nodes, miR-138 expression levels were 
found in relation with the Ann Arbor stage of investigated Hodgkin cases. 
Interestingly, chromosomal mapping locates differentially expressed miRNAs to 
regions of frequent loss or gain in cHL that in part explains the observed deregula-
tion. Exemplarily, gains were found for 17q harboring miR-21, 2p and miR- 216, 
22q and miR-185 and 14q with miR-134. Losses are found for 4q with miR-302a, 
miR-302b, and miR-302c and 3p with miR-135a [ 162 ]. A subsequent analysis by 
the same group showed that low levels of miR-135a expression were associated 
with shorter disease-free survival and more frequent relapse in patients with cHL. 
Transfection experiments of cell lines with pre-miR-135 increased apoptosis and 
reduced proliferation. The specifi c evaluation of the predicted target JAK2 con-
fi rmed its downregulation when miR-135a was overexpressed and in addition 
revealed that JAK2 is coordinatively downregulated together with the antiapoptotic 
protein BCL-XL [ 163 ].  

5.10     Chronic Myelogenous Leukemia 

 Chronic myelogenous leukemia (CML) is a clonal myeloproliferative disorder of 
the pluripotent stem cell and affects approximately 1–2 per 100,000 persons and 
year with a slight predominance in men at a median age around 65 years. Usually 
the disease manifests with a sudden onset of symptoms caused by progressive 
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splenomegaly, marrow hypercellularity and resulting anemia, thrombocytopenia, 
and leukocytosis. The pathogenic reason is cytogenetically identifi ed by the pres-
ence of the Philadelphia (Ph) chromosome that is caused by the reciprocal translo-
cation t(9;22)(q34;q11) in 90–95 % of CML patients. 

 The involved genes ABL1 and BCR are coupled to the fusion gene BCR–ABL 
with sustained kinase activation of ABL which leads to the uncontrolled expansion 
of the malignant clones. If untreated, the disease typically follows a biphasic or tri-
phasic course with an initial chronic phase changing to the accelerated phase after 
an average of 5–5.5 years and fi nally to the so called blast crisis [ 164 ,  165 ]. 

 Approaches using miRNA-profi ling have integrated the miRNAs into the con-
cepts of pathogenesis and disease progression of CML. Similar to other hematologi-
cal malignancies the miR-17-92 cluster was identifi ed as Myc dependent in CML 
and in addition has been found to be regulated by BCR–ABL. Modes of specifi c 
inhibition of BCR–ABL through either using Imatinib or RNA interference resulted 
in decreased expression of miRNAs encoded in the miR-17-92-cluster. Coordinate 
signaling through a BCR–ABL–MYC–miR-17-92 pathway has therefore been sug-
gested for enhanced miRNA expression in early chronic phase in CML [ 166 ]. 
Similar to this, another independent study reported about the relevance of another 
miRNA involved in the regulation of the BCR–ABL pathway. Initially miR-203 
was identifi ed by characterizing the fragile region on the mouse chromosome 12 
that harbored about 12 % of the known miRNAs and was mostly lost in γ-radiation- 
induced T cell lymphomas. Though, downregulation of this miRNA was caused in 
a considerable portion of cases not through deletion of the chromosomal region but 
through the hypermethylation of the corresponding promoter region of Ph+ malig-
nancies like B-ALL and CML. Most signifi cantly, the authors identifi ed ABL as the 
specifi c target of miR-203 and showed that expression of miR-203 leads to the 
inhibition of proliferation in malignant cells [ 167 ]. Comparative analysis of cells 
from healthy donors and newly diagnosed CML patients identifi ed miR-96 as over-
expressed and miR-10a, miR-150, and miR-151 as selectively downregulated in 
CML samples. BCR–ABL independent downregulation of miR-10a was found to 
correlate with upregulation of the putative target gene upstream stimulatory factor 2 
(USF2), which itself leads to increased cell growth upon overexpression [ 168 ]. 

 Progenitors of CML blast crisis have been shown to lose their ability for differ-
entiation by suppression of the transcription factor CEBPα, which controls myeloid 
differentiation. Interestingly CEBPα protein levels are regulated by hnRNP E2 
through interacting with the UTR of CEBPα, correspondingly upregulation of 
hnRNP E2 diminishes CEBPα protein levels. Of note is the observation that changes 
in posttranscriptional gene regulation induced by hnRNP E2 have been found as 
central mechanism for the transition to blast crisis in CML [ 164 ,  169 – 171 ]. 
Investigations on the role of miRNAs this context identifi ed miR-328 as specifi cally 
modulated through the MAPK-hnRNPE2 pathway with decreased miR-328 levels 
in blast crisis CML [ 169 ,  170 ]. Analysis of the molecular architecture of miR-328 
uncovered a high similarity between this miRNA and the binding site for hnRNP E2 
contained in the CEBPα mRNA region. As expected, functional investigation iden-
tifi ed miR-328 as competitive target and therefore decreases hnRNP E2 binding and 
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association of hnRNP E2 to CEBPα, respectively. Reconstitution of miR-328 
expression was found to recover the ability of maturation in BCR–ABL positive 
cells with subsequently higher rates of apoptosis [ 167 ].  

5.11     Acute Lymphoblastic Leukemia 

 Acute lymphoblastic leukemia (ALL) is the most common childhood leukemia with 
a peak incidence at 2–5 years of age. Cure is a realistic goal, as ≥94 % of children 
have continuous disease-free survival for 5 years and appear cured [ 172 ]. In con-
trast, only 25 % of adults in the age group of 45–54 have continuous disease-free 
survival for 5 years [ 172 ]. Recurring genetic abnormalities with prognostic and 
therapeutic relevance involve hyperdiploidy, MLL and BCR–ABL translocations, 
HOX genes as well as PAX5 and IKZF1 [ 173 ]. The potential of miRNAs to distin-
guish between related hematological diseases was shown in the study by Mi et al., 
demonstrating that four miRNAs, including miR-223, miR-128a, miR-128b (miR- 
128a and miR-128b were later found to be identical) and let-7b were the most dis-
criminatory between acute myeloid leukemia (AML) and ALL, regardless of 
leukemia subtype [ 174 ]. A combination of any two of these miRNAs could dis-
criminate ALL from AML cases with an overall diagnostic accuracy of 97–99 %. 
However, it is not clear if this study was performed on solely on ALL and AML 
samples from adults. Comparing exclusively pediatric AML and ALL, Zhang et al. 
found miR-100, miR-125b and miR-335 more abundant in AML samples compared 
to the healthy donors [ 175 ]. Subsequently, Fulci et al. identifi ed a three-miRNA 
signature of miR-148, miR-151, and miR-424 as discriminative of adult T-lineage 
versus B-lineage ALL [ 176 ]. Furthermore, the authors described a set of six miR-
NAs, miR-425-5p, miR-191, miR-146b, miR-128, miR-629, and miR-126, that dis-
tinguished between B-ALL subgroups harboring distinct molecular lesions such as 
BCR-ABL, MLL-AF4, and E2A-PBX1 fusions [ 176 ]. These fi ndings were extended 
by Schotte et al., who quantifi ed 397 miRNAs in pediatric precursor B-ALL patients, 
demonstrating that miRNA expression profi les vary between leukemic cells, normal 
bone marrow, and sorted CD34 +  cells [ 177 ]. Based on ALL cytogenetics, Schotte 
et al. were also able to identify characteristic miRNA expression signatures [ 177 ]. 
Differences were found for 11q23/MLL-rearranged precursor B-ALL cases, which 
exhibited a downregulation of miR-708 and increased levels of miR-196b as well as 
t(12;21)/TEL–AML1-positive precursor B-ALL cases, which displayed an upregu-
lation of miR-383, miR-99a, miR-100, and miR-125b [ 177 ]. Signatures that associ-
ate with prognosis, include high expression of miR-33, miR-215, miR-369- 5p, 
miR-496, miR-518d, and miR-599 for a worse outcome and high abundance of 
miRNAs such as miR-10a, miR-134, miR-214, miR-484, miR-572, miR-580, miR-
624, and miR-627 with a more favorable prognosis in pediatric ALL [ 177 ]. Central 
nervous system (CNS) involvement is a common and prognostic relevant feature of 
ALL. Therefore, Zhang et al. have identifi ed a blood miRNA signature in pediatric 
ALL complicated by central nervous system (CNS) relapse [ 175 ]. They found 
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signifi cant upregulation of miR-7, miR-198, and miR-633 and a downregulation of 
miR-126, miR-345, miR-222, and miR-551a in ALL patients with CNS relapse ver-
sus non-CNS relapsed ALL. In contrast, Kaddar et al. found miR- 16 to be of prog-
nostic relevance for ALL patients [ 178 ]. The authors describe that high miR-16 
levels were associated with hyperleukocytosis and poor cytogenetic subgroups. 
Disease-free survival (DFS) was shown to be signifi cantly shorter for miR-16 levels 
above the 75th quartile in all analyzed B-cell ALL samples. Considering the promi-
nent role of miR-16 in CLL, these fi ndings might point towards a dual role of miR-
16 in both diseases and even a shared mechanism in their pathogenesis.  

5.12     Acute Myeloid Leukemia 

 The incidence of acute myeloid leukemia (AML) is 3–5 cases/100,000 [ 179 ]. Its 
prognosis and subtypes are mainly determined by cytogenetics and molecular 
genetics as refl ected in the WHO classifi cation [ 180 ]. Before the fi rst comprehen-
sive miRNA profi ling studies in AML were published, the role of individual miR-
NAs has preferentially been studied based on their expression in normal 
hematopoiesis [ 181 ,  182 ]. Therefore, miR-223 became one of the most investigated 
miRNAs in myelopoiesis (and AML) due to its specifi c expression in differentiated 
myeloid cells [ 181 ]. Although, its role in the pathogenesis of AML is not clear, 
profi ling miRNA expression in hematopoietic subpopulations as well as in a human 
APL cell line (NB4) upon differentiation with ATRA revealed miR-223 to be 
expressed at low levels in the stem cell compartment with increasing expression 
throughout myeloid differentiation [ 182 ,  183 ]. Lentiviral overexpression of miR- 
223 in an AML cell line as well as in AML patient samples induced myeloid dif-
ferentiation [ 183 ,  184 ], demonstrating that changes in the miRNA transcriptome 
can promote reprogramming of AML cells. 

 Gain and loss of miR-223 was shown to have distinct effects, as genetic deple-
tion of miR-223 led to a signifi cant increase of myeloid progenitor cells as well as 
hyper-mature circulating neutrophils [ 185 ]. However, AML profi ling studies did not 
connect miR-223 expression to a particular leukemia subtype [ 186 – 189  {   Marcucci, 
2008 #272}]. Contradicting the prevailing view that only one strand of the 
miRNA:miRNA* duplex is actively silencing genes, it was further shown that both 
strands miR-223 and miR-223* are functionally relevant in myeloid cells [ 190 ]. 

 Multiple miRNA expression studies of AML patient samples have been per-
formed using different methodological approaches and different patient subgroups 
[ 186 – 188 ,  191 ,  192 ]. Recently, Garzon and colleagues applied custom DNA micro-
arrays to quantify miRNA expression levels in 240 AML patient samples with inter-
mediate and poor cytogenetics. Based on this approach, miRNA signatures associated 
with 11q23 translocations`, trisomy 8 and FLT3 mutations (FLT3-ITD) were identi-
fi ed, demonstrating that cytogenetics drive miRNA profi les [ 191 ]. The same group 
further investigated the role of miRNAs in AML carrying NPM1 and FLT3-ITD 
mutations, the two most frequent molecular aberrations in AML [ 187 ]. A signature 
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distinguishing mutated  NPM1  from wildtype cases included the  upregulation of 
miR-10a, miR-10b as well as let-7 and miR-29 family members. The correlation of 
the presence of FLT3-ITD and miR-155 upregulation was further confi rmed by sev-
eral works [ 187 ,  188 ,  191 ,  193 – 195 ] although FLT3 inhibitor studies showed that the 
upregulation of miR-155 was independent from FLT3 signaling [ 187 ]. However, 
only little overlap was found between the different miRNA signatures published for 
NPM1+ AML, which might depend on the applied technology, patient samples and 
the comparisons made within the study. For example, Jongen- Lavrencic et al. and 
Cammarata et al. used a similar multiplexing RT-PCR approach, whereas Garzon 
et al. profi led their AML samples with a custom made miRNA microarray [ 188 ,  191 , 
 192 ]. In each study a different number of patients, ranging from 9 to 68 was analyzed 
and different comparisons were made: Garzon et al. profi led cNPM1+ and cNPM1− 
NK-AML, whereas Cammarata et al. compared their AML miRNA profi les to 
CD34 +  bone marrow cells. Jongen-Lavrencic et al. applied unsupervised ordering to 
create subgroups with similar expression patterns of miRNAs. A total of three miR-
NAs, miR-10a, miR-10b, and miR-9 were consistently deregulated in all three stud-
ies. This indicates that they might not only be important for the pathogenesis of 
cNPM1+ AML, but also refl ect the minimum phenotype of this AML subgroup. 

 In addition, multiple studies exploring the expression of miRNAs by quantitative 
RT-PCR in AML patient cohorts could also associate miRNA expression patterns 
with cytogenetic and molecular subtypes [ 188 ,  196 ]. However, for a miRNA based 
prediction of AML subtypes the necessary number of miRNAs varied drastically. In 
the study of Jongen-Lavrencic et al. a class predictor of only ten miRNAs predicts 
AML with t(8;21) and a set of seven miRNAs AML with t(15;17). In contrast, a 
predictor comprising 72 miRNAs was necessary for AML with inv(16), thereby 
suggesting that not all cytogenetic aberrations might have a quite unique miRNA 
expression pattern and indeed some of the heterogeneity may stem from the fact that 
current subgroups may need to be further subdivided. In addition, miRNA expres-
sion levels might mainly be infl uenced by the differentiation stage of the leukemic 
cells, and thus for example inv(16) might be hard to distinguish form other inv(16)-
negative AML cases with an identical morphology. In contrast to the complexity of 
AML subgroups, a signature of only two miRNAs (miR-128 and miR-223) is highly 
discriminate between AML and acute lymphoblastic leukemia [ 174 ]. 

 Similarly, smaller genome-wide miRNA expression studies using bead-based 
miRNA profi ling approaches, microarrays and quantitative RT-PCR confi rmed 
miRNA expression patterns characteristic of cytogenetic subgroups such as t(15;17), 
t(11q23), t(8;21) and inv(16) [ 192 ,  197 ], as well as molecular subtypes like AML 
with  CEBPA  and  NPM1  mutations or deregulated  MN1  expression [ 198 ]. 
Interestingly, almost all studies pointed towards the deregulation of miRNAs 
located in the  HOX  gene cluster, including miR-10a/b and miR-196a/miR-196b, as 
well as miR-221, let-7 family members, miR-155, miR-29, miR-125b, miR-181 
and members of the miR-17-92 cluster in AML. This suggests that a defi ned group 
of miRNAs, possibly associated with normal hematopoietic stem cells might be 
involved in leukemogenic processes such as impaired differentiation and increased 
self-renewal. 
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 Being correlated with altered gene expression and cytogenetic and molecular 
genetic aberrations, miRNA expression signatures have been shown to also confer 
prognostic information. While the study of Garzon and colleagues could identifi ed 
two miRNAs, miR-191 and miR-199a to be signifi cantly correlated with overall 
(OS) and disease-free survival (DFS) [ 191 ], Sun et al. could show that miR-212 
expression correlates with OS, DFS and relapse-free survival independent of cyto-
genetic subgroup in AML [ 199 ]. Within cytogenetically normally AML (CN-AML), 
Schwind et al. described an association of high miR-181a levels with favorable OS, 
especially CN-AML with FLT3-ITD and NPM1 wildtype [ 200 ]. The same group 
also found that the combination of high BAALC expression and a BAALC-hosted 
miRNA, miR-3151 identifi ed CN-AML patient subset with a poor outcome [ 201 ]. 
However, in the future additional studies are needed to determine the impact of 
miRNAs as reliable biomarkers for diagnosis as well as prognosis in AML. 

 So far, only few studies investigated the role of miRNAs in leukemic stem cells 
(LSC) as well as leukemia development. Recently, Wong et al. showed that the 
miR-17- 92 polycistron regulates LSC activity through p21 in a murine MLL model 
[ 202 ]. In a more direct approach, Han and colleagues showed that retroviral overex-
pression of miR-29a can induce AML in mice [ 203 ], and O’Connell and colleagues 
demonstrated similar fi ndings through overexpression of miR-155 in primitive 
hematopoietic cells that led to a myeloproliferative syndrome [ 204 ]. In contrast to 
miRNAs that can function as proto-oncogenes, there also has been evidence that 
distinct miRNAs can function as tumor-suppressor in AML. For example, recently 
Garzon and colleagues highlighted the potential of miR-29b as tumor suppressor by 
inducing apoptosis and reducing tumorgenicity in a xenograft AML model [ 205 ]. 
Furthermore, miRNAs have also been shown to represent both targets and effectors 
of the epigenetic machinery. In accordance to other genes, miRNA expression can 
be affected by DNA promoter methylation and histone modifi cations. As mentioned 
above AML1-ETO can lead to heterochromatic silencing of the miR-223 genomic 
region and demethylation can restore miR-223 expression followed by differentia-
tion of leukemic blasts [ 184 ]. On the other hand, miRNA expression can impact the 
epigenetic modifi cations as for example miR-29b targets DNA methyltransferases 
in AML [ 205 ].  

5.13     Summary 

 Here, we show that our knowledge about miRNAs in aberrant hematopoiesis has 
dramatically advanced since their discovery in CLL. However, most of the studies 
are descriptive and the functional relevance for many potential oncogenic miRNAs 
is still questionable. Functional approaches, especially animal models might signifi -
cantly add to the understanding how miRNAs contribute to the development of 
cancer, by revealing novel miRNAs, miRNA isoforms, mutations, and absolute 
sequence counts, thereby highlighting additional miRNAs that might serve as future 
therapeutic targets in hematological neoplasias.     
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    Abstract       In this chapter we discuss the attributes of a good cancer biomarker, and 
more specifi cally the attributes of a good micro (mi)RNA biomarker for cancer. 
In discussing miRNAs biomarkers in different cancers, we (1) provide evidence 
supporting the potential use of circulating (serum and plasma), urinary, salivary, and 
pleural effusion miRNAs as diagnostic markers, (2) discuss the advantages of their 
use, and (3) address challenges (e.g., validation of cancer biomarkers) and possible 
solutions in their assessment as biomarkers for clinical application.  

  Keywords       Cancer     •   microRNAs     •   Biomarkers  

6.1         Introduction 

      Early diagnosis is critical to optimize survival from cancer. Current cancer diagnos-
tic procedures are usually invasive, unpleasant, and inconvenient, which limits their 
application [ 1 ,  2 ]. Therefore, the identifi cation of noninvasive approaches for early 
cancer detection is urgently needed. RNA is known to exist both in cells and freely 
in body fl uids including serum, plasma, saliva, tears, urine, amniotic fl uid, colos-
trum, breast milk, nipple aspirate fl uid, bronchial lavage, cerebrospinal fl uid, perito-
neal fl uid, pleural fl uid, and seminal fl uid [ 3 ]. miRNAs have been observed in the 
body fl uids of patients with cancer as well as in healthy controls. Because of the 
importance of miRNAs in carcinogenesis, body fl uid miRNA biomarkers may prove 
useful for early cancer detection.  
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6.2     Description of a Cancer Biomarker 

 A cancer biologic marker (biomarker) may be a molecular, cellular, tissue, or 
process-based alteration that predicts the presence of cancer using tissue, cells or 
body fl uids [ 4 ]. The marker is present in or produced by a tumor and is differentially 
expressed (either at higher or lower levels) in tumor compared to benign samples. 
Perhaps the earliest identifi cation of a cancer biomarker was reported in 1847 by 
Henry Bence-Jones who noted the presence of abnormal proteins in the urine of a 
patient with multiple myeloma [ 5 ,  6 ]. Although many biomarkers have been discov-
ered since then, only a few are approved by the Food and Drug Administration 
(FDA) for cancer diagnosis or prognosis (Table  6.1 ). 

6.3       Types and Uses of Cancer Biomarkers 

 Cancer biomarkers are cells or cell components, such as DNA, mRNA, proteins, 
metabolites, or processes such as apoptosis, angiogenesis or proliferation, that are 
useful in disease diagnosis, prognosis, or prediction of response to treatment [ 4 ]. 
Methylated DNA of genes found in cancer cells and circulating DNA in body fl uids 
can also be used as potential biomarkers for clinical application in the risk assess-
ment, diagnosis, and prognosis of cancer. The biomarkers are produced either by the 
tumor itself or by other tissues, in response to the presence of cancer or other associ-
ated conditions, e.g., infl ammation. Potential uses of cancer markers include the 
following: (1) screening the general population, (2) differential diagnosis in symp-
tomatic patients, (3) clinical staging of cancer, (4) evaluation of response to treat-
ment, (5) assessment of disease recurrence through monitoring, (6) as prognostic 
indicators of disease progression, or (7) estimation of tumor volume [ 7 ].  

6.4     FDA Approved Cancer Biomarkers 

 Several markers have been approved by the FDA for use as an aid in diagnosis, 
prognosis or management of cancer in individuals with risk factors or who have 
symptoms of cancer (Table  6.1 ). Such markers include breast cancer (e.g., cancer 
antigen (CA)15-3, CA27-29, cytokeratins, estrogen and progesterone receptor: ER 
and PR, heregulin (Her)-2/neu, mammaprint, oncotype DX); ovarian cancer marker 
(e.g., CA125), cervical cancer marker (e.g., pap smear); prostate cancer marker 
(e.g., prostate-specifi c antigen, PSA); testicular cancer marker (e.g., human chori-
onic gonadotropin (hCG)β, α-fetoprotein, AFP); germ-cell hepatoma marker (e.g., 
AFP); colon cancer marker (e.g., carcinoembryonic antigen: CEA, epidermal 
growth factor receptor); gastrointestinal stromal tumor marker (e.g., KIT); pancre-
atic cancer marker (e.g., CA19-9); thyroid cancer marker (e.g., thyroglobulin) and 
bladder cancer marker (e.g., chromosomes 3, 7, 9, 17; NMP22; fi brin/FDP; BTA, 
high molecular weight CEA and mucin).  
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6.5     Examples of Biomarkers in Clinical Use 

6.5.1     Breast Cancer: CA15-3, CA27-29 

 The expression of CA15-3 and CA27-29 is highly associated with breast cancer 
prognosis [ 8 ,  9 ]. The two serum markers have been evaluated for diagnosis, but have 
not been found useful [ 10 ,  11 ]. Neither marker is specifi c to breast cancer, as they are 
expressed in other malignancies, and both can be found in patients with benign dis-
orders of the liver, breast and kidney, as well as in patients with ovarian cysts [ 8 ].  

6.5.2     Ovarian Cancer: CA125 

 This antigen was fi rst identifi ed in 1981 by Bast and coworkers [ 12 ]. It is a high molec-
ular weight glycoprotein which is elevated in approximately 90 % of patients with 
advanced epithelial ovarian cancer [ 13 ]. CA125 is more useful in following response 
to treatment than in diagnosis, as it can be elevated in benign conditions [ 14 ].  

6.5.3     Cervical Cancer: Papanicolaou (Pap) Test, 
Liquid Based Cytology 

 The Pap test represents the most cost-effective cancer screening test developed to 
date [ 15 ]. The test allows the diagnosis and treatment of precancerous lesions, 
thereby decreasing the incidence of cervical cancer [ 16 ]. The second major advance 
in cervical cancer screening was liquid-based cytology (LBC), which allows 
improved detection of abnormal cervical cells [ 17 ].  

6.5.4     Prostate Cancer: PSA 

 PSA is a glycoprotein present in the epithelial cells of the prostatic ducts and acini 
that is released into the bloodstream in men with prostate cancer [ 18 ]. PSA is useful 
in monitoring patients with advanced stages of prostatic cancer [ 19 ], and the pre-
treatment value of PSA in men with prostate cancer is prognostic of patient survival 
[ 20 ,  21 ].  

6.5.5     Testicular Cancer: hCG and AFP 

 hCG is expressed at very high concentrations by the placenta and is a tumor marker 
in trophoblastic diseases such as molar pregnancy, choriocarcinoma, and testicular 
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cancer [ 22 ]. Due to the fact that seminomas may produce only hCGß and not intact 
hCG, assays measuring hCG and hCGβ together are recommended to monitor 
testicular cancer [ 23 ,  24 ]. 

 AFP is a normal fetal serum protein, initially produced by the yolk sac and later 
by the fetal liver and gastrointestinal tract during pregnancy [ 25 ]. Following birth, it 
clears rapidly from the circulation, falling to adult levels (less than 20 ng/ml in the 
serum), at 8–10 months of age [ 26 ,  27 ]. AFP is rarely elevated in healthy persons, 
and a rise is seen in only a few disease states, such as nonseminomatous germ cell 
tumors (NSGCT) [ 28 – 30 ] and hepatocellular carcinoma [ 31 – 33 ].  

6.5.6     Hepatocellular Carcinoma (HCC): AFP 

 A highly elevated level of AFP (greater than 500 ng/mL) in an HCC high incidence 
area and in the appropriate clinical setting is almost diagnostic of HCC, whereas 
modestly elevated levels of AFP (10–500 ng/mL) may also be found in benign non-
malignant chronic liver diseases [ 31 ,  34 ,  35 ]. This problem is compounded since 
most HCCs arise in patients with coexisting chronic liver disease [ 36 ,  37 ].  

6.5.7     Colon Cancer: CEA, Epidermal Growth Factor 
Receptor (EGFR) 

 CEA is a glycoprotein present in the fetal colon and colon adenocarcinoma but 
generally absent in a healthy adult colon [ 38 ,  39 ]. While CEA is expressed in certain 
healthy tissues including colon, stomach, tongue, esophagus, cervix, sweat glands, 
and the prostate [ 40 ], concentrations in colorectal cancer average 60-fold higher 
than in nonmalignant tissues [ 41 ]. Because of the presence of false positives, CEA 
is more benefi cial in following individuals with colorectal cancer, especially in the 
early detection of cancer spread to the liver, rather than in cancer diagnosis [ 40 ,  42 ]. 
EGFR is one of the tumor markers that are overexpressed in colorectal cancer. Its 
expression is associated with advanced disease stage [ 43 ].  

6.5.8     Gastrointestinal Stromal Tumor (GIST): c-KIT (CD117) 

 c-KIT is an immunohistochemical marker used to aid in the diagnosis of GIST, the 
most common mesenchymal tumor in the gastrointestinal tract. Mesenchymal 
tumors arising in the digestive tract are rare compared with epithelial neoplasms. 
A high level of total c-KIT expression is a characteristic feature of GIST [ 44 ] and 
the immunohistochemical demonstration of KIT in addition to light microscopy 
histology has been used for the pathological diagnosis of GIST [ 45 – 48 ].  
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6.5.9     Pancreatic Cancer: CA19-9 

 CA19-9 (sialylated Lewis (a) antigen) is a tumor marker commonly associated with 
pancreatic adenocarcinoma [ 49 – 51 ]. Because of false positive and negative results 
in pancreatic cancer diagnosis [ 52 ], serum CA19-9 is used mainly for monitoring 
[ 53 ] individuals with known disease. High postoperative CA 19-9 levels have been 
associated with poor survival and may identify those patients who should receive 
alternative systemic therapy [ 53 ].  

6.5.10     Thyroid Cancer: Thyroglobulin (Tg) 

 Tg is a prohormone of thyroxine (T4) and triiodothyronine (T3). The high specifi c-
ity of Tg is based on the fact that thyroid (or thyroid cancer) cells are the only source 
of Tg in the human body [ 54 ]. Postoperative measurements of serum Tg provide 
information about the presence or absence of residual, recurrent, or metastatic dis-
ease in patients with differentiated thyroid cancer [ 55 ,  56 ].  

6.5.11     Bladder Cancer 

 Fluorescence in situ hybridization ( FISH) test, nuclear matrix protein (NMP)22, 
fi brin/fi brinogen degradation products (FDP), bladder tumor antigen (BTA), 
ImmunoCyt.  UroVysion (Vysis-Abbot Laboratories, Downers Grove, IL, USA) is a 
commercially available FISH test [ 57 ] that detects aneuploidy in chromosomes 3, 7, 
17, and loss of the 9p21 locus in malignant urothelial cells with a reported sensitiv-
ity of 73–92 % and a specifi city of 89–96 % [ 58 – 63 ]. NMP22 is a noninvasive urine 
marker that uses a specifi c nuclear matrix protein to detect a bladder tumor via 
voided urine. The test had an overall sensitivity of 70–80 % for the detection of 
recurrent transitional cell carcinoma [ 64 – 66 ]. Martínez-Piñeiro et al. [ 67 ] found an 
increase in fi brin/FDP in 75 % of bladder cancer patients. The diagnostic ability of 
FDP could be superior to NMP22 [ 68 ]. The immunocytology test (ImmunoCyt/
Ucyt+ test), [ 69 ] uses fl uorescence immunohistochemistry with antibodies to a 
mucin glycoprotein and CEA.   

6.6     Characteristics of an Ideal Cancer Biomarker 

 The ideal biomarker should: (1) be easily accessible such that it can be sampled 
relatively noninvasively, such as through the collection of a body fl uid, and (2) be 
highly predictive (sensitive and specifi c) in the diagnosis or prognosis of a given 
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cancer(s) [ 7 ]. Unfortunately, to date there are no ideal biomarker(s) for any cancer 
[ 83 ,  84 ]. Nevertheless, cancer markers play an important role in disease detection 
and in assessing response to therapy in select groups of patients [ 85 ]. 

 It is especially diffi cult to fi nd an ideal biomarker for the early diagnosis of can-
cer, since most biomarkers found to be elevated in cancer are not cancer specifi c 
[ 86 ]. For this reason, there are more reliable biomarkers to follow individuals whose 
tumor expresses a given marker than there are biomarkers to identify cancers that 
have not been diagnosed. For example, two biomarkers found in the circulation, 
CEA and CA15–3, have shown promise in the management of cancers that express 
the proteins, but are not useful in early cancer detection, for many tumors do not 
express them, and benign processes can lead to their expression [ 87 – 89 ]. Even PSA, 
which is FDA approved to screen for prostate cancer, is often falsely elevated [ 90 ], 
and does not differentiate individuals with indolent disease, which may be best left 
untreated, from aggressive disease, which should be treated. 

 A promising area of biomarker research is in the evaluation of miRNAs, which 
are far more stable that messenger (m)RNA and therefore more readily detected 
in body fl uids and fi xed tissue. Tumor cells release miRNAs into body fl uids [ 91 ] 
and miRNAs in body fl uids are often altered in disease states including cancer 
[ 84 ,  91 – 94 ], suggesting their potential use to screen body fl uids for differential 
expression of miRNAs for cancer risk assessment and early disease detection.  

6.7     Attributes of miRNA Biomarker 

6.7.1     Overview 

 miRNAs are small noncoding RNAs that have shown potential as cancer biomark-
ers [ 95 ]. miRNAs are naturally occurring, evolutionarily conserved, single stranded 
molecules ~22 nucleotides in length which are generated by the RNase-III-type 
enzyme Dicer from an endogenous transcript that contains a local hairpin structure 
[ 96 ]. miRNAs regulate gene expression by either repressing the translation or caus-
ing degradation of mRNAs [ 96 ,  97 ].  

6.7.2     Organization and Biogenesis 

 miRNAs can be transcribed independently or from within their host genes, sharing 
the same promoter regions. The majority (about 70 %) of miRNA genes are intra-
genic (localized in introns or exons), the remainder being situated in intergenic 
regions as independent transcription units. miRNA genes represent about 1 % of the 
genome in different species, with about 30 % of the protein-coding genes in the 
human genome regulated by miRNAs [ 98 ].  
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6.7.3     Functions and Mechanisms of Mature miRNAs 

 miRNAs regulate the expression of their target genes [ 99 ] by catalyzing the cleav-
age of mRNA [ 100 – 102 ] or repressing mRNA translation [ 103 – 105 ]. A notable 
characteristic of miRNA is that it only requires partial complementarity with its 
target gene sequence. Based on this fact, a miRNA could potentially target multiple 
genes. In addition, it is possible to predict which genes might be targeted by a 
miRNA based on the sequence characteristics of known miRNA–target pairs [ 106 ], 
and as such several hundred thousand miRNA–target pairs have been predicted in 
human, rat, and mouse [ 107 ,  108 ]. On the other hand, since only partial sequence 
complementarities are needed, it is more challenging to ascertain the presence of a 
miRNA–target pair [ 109 ]. Although several thousand has been predicted, only a few 
dozen miRNA–target pairs have been experimentally validated in human, rat, or 
mouse. Experimental approaches required to validate the presence and relevance of 
a microRNA–target pair are laborious and time-consuming. 

 More than 2000 miRNA sequences have been described in animals, plants, fl ies, 
worms and viruses. However, the specifi c functions of only a few of these miRNAs 
have been experimentally determined. For the few miRNAs whose function has 
been uncovered, they are important regulators of various aspects of biological pro-
cesses in both plants and animals. miRNAs can play specifi c roles in diverse regula-
tory pathways, including the regulation of cell proliferation and metabolism [ 110 , 
 111 ], tissue differentiation and maintenance [ 112 ], developmental timing [ 99 ,  111 ], 
cell death, hematopoiesis [ 113 ], neuron development [ 114 ], human carcinogenesis 
[ 115 ,  116 ], DNA methylation, and chromatin modifi cation [ 117 ].   

6.8     Evidence Supporting the Use of miRNAs as Cancer 
Biomarkers 

 The discovery of miRNAs in serum/plasma [ 118 ] has opened up the possibility of 
using miRNAs in body fl uids to detect cancer. In addition to blood, urine, saliva, and 
pleural fl uid have been found to contain miRNAs which are differentially expressed 
in individuals compared to healthy individuals (Patel and Sauter, 2011). Two 
hypotheses advanced to explain how miRNAs enter body fl uids include: (1) passive 
release from tumor cells which undergo lysis as part of their rapid turnover, and (2) 
transfer from microvesicles shed by the cell membrane to a body fl uid such as the 
blood [ 118 ]. 

 Many studies suggest the potential use of miRNAs as body fl uid biomarkers 
for cancer detection based on the following observations: (1) miRNA expression 
is frequently dysregulated in cancer [ 119 ,  120 ], (2) expression patterns of miR-
NAs in human cancer appear to be tissue-specifi c [ 121 ], and (3) miRNAs are 
stable in formalin- fi xed tissues [ 122 – 124 ], and are present in cell-free form in 
body fl uids [ 91 ]. 
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 Circulating miRNAs may be present only in healthy individuals, only in 
individuals with cancer, or both [ 92 ]. miRNA expression in matched serum and 
plasma are highly correlated, implying that both sample types are suitable for inves-
tigations of miRNAs as blood-based biomarkers [ 91 ]. The expression of specifi c 
circulating miRNAs is a good indicator of tumor miRNA burden [ 91 ].  

6.9     miRNA Identifi cation and Quantifi cation Techniques 

 There are various methods used to detect circulating miRNA molecules in body 
fl uids. Large scale screening for miRNAs can be performed with miRNA arrays. 
Northern blotting is currently considered the gold standard for miRNA detection 
[ 99 ], but is hampered by the diffi culties of achieving stringent hybridization condi-
tions, since these are very tiny molecules. Quantifi cation of miRNA expression is 
generally performed by use of quantitative real-time PCR (qRT-PCR). A modifi ed 
invader assay [ 125 ] and an RNA-primed, array-based Klenow enzyme assay 
(RAKE) [ 123 ] have also been described for quantifi cation of miRNA. Lu et al. 
[ 126 ] reported the identifi cation of simple and robust methods to detect, quantify, 
and distinguish miRNAs, particularly when cellular RNA is limited.  

6.10     Advantages in the Use of miRNAs as Biomarkers 

 There are several advantages to using body fl uid miRNAs as biomarkers, since 
miRNA expression is frequently altered in diseases or during damage to an organ 
and many miRNAs are highly tissue specifi c, stable, and can be used in high- 
throughput analysis. The availability of high-throughput experimental approaches 
for miRNA characterization and simple, universally applicable assays for quantita-
tion (e.g., RT-qPCR) suggests that the discovery and validation of miRNA biomark-
ers will be more effi cient than traditional proteomic biomarker discovery and 
validation, which usually encounter diffi culties at the point of antibody generation.  

6.11     miRNA Expression in Body Fluids of Patients 
with Different Human Cancers 

 Specifi c miRNAs have been found to have altered expression in malignant com-
pared to benign tissue. Such tissue is generally available for individuals with newly 
diagnosed cancer, but less so for at risk individuals. Specimen collection for at risk 
individuals should be, if at all possible, noninvasive. miRNAs originating in cancer 
tissues are also transported outside the cell and remain stable in blood (serum or 
plasma), and other body fl uids [ 127 ]. Numerous lines of evidence support miRNAs 
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as powerful biomarker candidates: miRNA pattern expression seems to be specifi c 
for different types of malignancies, their expression in body fl uids, including serum, 
can be easily detected by PCR-related assays, and, compared to other biomarkers, 
miRNAs are remarkably stable and therefore could be reproducibly extracted and 
assayed in bodily fl uids [ 91 ]. The detection of miRNAs in the systemic circulation 
and other body fl uids suggests the potential usefulness of bodily fl uid miRNA 
assessment for noninvasive cancer screening, diagnosis, prognosis, and therapeutics 
(     Table  6.2 ) [ 128 ]. 

6.11.1      miRNA Expression in Body Fluids of Patients 
with Breast Cancer 

6.11.1.1     miRNA Expression in Blood 

 A study by Zhu et al. [ 129 ] on circulating microRNAs in breast cancer and healthy 
subjects showed that miR-155 was overexpressed in the serum of women with PR 
positive compared to women with PR negative disease. In another study, it is found 
that circulating miR-195 and let-7a [ 130 ] expression were increased in women with 
breast cancer compared to controls. A separate study by Asaga et al. [ 131 ] revealed 
the development of a direct blood PCR assay for detection of circulating miR-21 
and its ability to assess early stage breast cancer in the serum of women. Previous 
studies have shown that expression of miR-425 was altered in cancer cell lines and 
tumor tissues [ 161 ,  162 ], and was signifi cantly increased in the serum of breast 
cancer patients compared to healthy controls [ 132 ]. In addition, Zhao et al. [ 132 ] 
showed that not only upregulated but also downregulated miRNAs can discriminate 
patients with breast cancer from healthy controls with reasonable sensitivity and 
specifi city. Specifi cally, it was reported that the levels of circulating let-7c were 
signifi cantly higher in healthy controls than in women with breast cancer. This fi nd-
ing is consistent with the notion that let-7 family of miRNA acts as tumor suppres-
sor genes in breast tumors [ 132 ]. It has been shown that advanced stage breast 
cancer patients had signifi cantly more miR-34a in their blood than patients with 
early stage disease, and further demonstrated that changes in serum levels of miR- 
10b, miR-34a and miR-155 correlated with the presence of metastases [ 163 ].   

6.11.2     miRNA Expression in Body Fluids of Patients 
with Colorectal Cancer 

6.11.2.1     miRNA Expression in Blood 

 Studies have shown that the expression of some miRNAs are signifi cantly upregu-
lated or downregulated in the plasma of colorectal cancer (CRC) patients. miR-92 
expression is increased in both tissue and plasma of subjects with colorectal cancer 
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   Table 6.2    miRNA expression in body fl uids   

 miRNA 
category  Body fl uid  Cancer type  miRNA type  Reference 

 Diagnostic 
miRNAs 

 Increased 
expression 
in cancer 

 Blood  Breast  miR-155  [ 129 ] 
 miR-195, let-7a  [ 130 ] 
 miR-21  [ 131 ] 
 miR-302b, miR-425  [ 132 ] 

 Colorectal  miR-92, miR-17-3p  [ 133 ] 
 miR-29, miR-92  [ 134 ] 

 Gastric  miR-17-5p, miR-21, 
miR-106a, miR-106b 

 [ 135 ] 

 miR-32, miR-182, 
miR-143 

 [ 136 ] 

 HCC  miR-500  [ 137 ] 
 miR-16, miR-195, 

miR-199a 
 [ 138 ] 

 Lung  miR-25, miR-223  [ 92 ] 
 miR-21, miR-126, 

miR-486-5p 
 [ 139 ] 

 miR-155, miR-197, 
miR-182 

 [ 140 ] 

 Ovarian  miR-21, -141, -200a, 
-200b, -200c, -203, 
-205, and -214 

 [ 141 ] 

 miR-21, -92, -93, -126, 
-29a, -155, -127, and 
-99b 

 [ 142 ] 

 Pancreas  miR-200a, miR-200b  [ 143 ] 
 miR-210  [ 144 ] 
 miR-155  [ 145 ] 
 miR-18a  [ 146 ] 

 Prostate  miR-141  [ 91 ] 
 OSCC  miR-31  [ 91 ] 
 SSC of tongue  miR-184  [ 147 ] 
 ESCC  miR-10a, miR-22, 

miR-100, miR-148b, 
miR-223, miR-133a, 
miR-127-3p 

 [ 148 ] 

 Melanoma  let-7c  [ 149 ] 
 Rhabdomyosarcoma  miR-206  [ 150 ] 

 Sputum  Lung  miR-21  [ 151 ] 
 miR-21, miR-182, 

miR-375, miR-200b 
 [ 152 ] 

(continued)
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compared to healthy controls [ 133 ]. Levels of miR-92 and miR-17-3p are increased 
in the plasma of subjects with colorectal cancer compared to subjects with other 
gastric cancer, infl ammatory bowel disease and healthy controls [ 133 ]. In a separate 
study, plasma miR-29a and -92 were upregulated in individuals with adenomas 
(precursor lesions) and in those with colorectal cancer (CRC) [ 134 ]. These observa-
tions suggest that miR-92 and perhaps miR-17-3 and -29a, have potential as bio-
markers for the detection of colorectal cancer.   

 miRNA 
category  Body fl uid  Cancer type  miRNA type  Reference 

 miR-205, miR-210 
miR-708 

 [ 153 ] 

 Pleural 
effusion 

 Lung  miR-24, miR-26a, 
miR-30d 

 [ 154 ] 

 Gastric  miR-24, miR-26a, 
miR-30d 

 [ 154 ] 

 Urine  Bladder  miR-126, miR-182, 
miR-199a 

 [ 155 ] 

 Saliva  OSCC  miR-31  [ 156 ] 

 Decreased 
expression 
in cancer 

 Blood  Breast  Let -7c  [ 132 ] 
 Gastric  let-7a  [ 135 ] 
 Melanoma  miR-125  [ 149 ] 

 Sputum  Lung  miR-486, miR-126, 
miR-145 

 [ 152 ] 

 Saliva  OSCC  miR-200a, miR-125a  [ 157 ] 

 Lower ratio 
in cancer 

 Blood  HCC  miR-92a/638  [ 158 ] 
 Urine  Bladder  miR-126/152, 

miR-182/152 
 [ 155 ] 

 Prognostic 
miRNAs 

 Blood  Lung  miR-1, miR-30d, 
miR-486, miR-499 

 [ 159 ] 

 Prostate  miR-375, miR-141  [ 160 ] 

 Predictive 
miRNAs 

 Blood  DLBCL  miR-21, miR-155, 
miR-210 

 [ 93 ] 

   DLBCL  diffuse large B-cell lymphoma,  HCC  hepatocellular carcinoma,  OSCC  oral squamous cell 
carcinoma,  SSC  of tongue Squamous cell carcinoma of tongue,  ESCC  esophageal squamous cell 
carcinoma  

Table 6.2 (continued)
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6.11.3     miRNA Expression in Body Fluids of Patients 
with Gastric Cancer 

6.11.3.1     miRNA Expression in Blood 

 Plasma concentrations of miR-17-5p, miR-21, miR-106a, and miR-106b were 
upregulated in patients with gastric cancer in comparison to healthy controls [ 135 ]. 
The expression levels of miRNAs miR-21 and miR-106b decreased after surgical 
removal of the disease, confi rming the tumor release of these circulating miRNAs 
[ 135 ]. The researchers also discovered that the concentration of let-7a in plasma 
was signifi cantly lower in gastric cancer patients than in controls, contrary to their 
expectation [ 135 ]. Li et al [ 136 ] showed that miR-32, -182 and -143 may be poten-
tial diagnostic biomarkers for intestinal-type gastric cancers.  

6.11.3.2     miRNA Expression in Pleural Effusions 

 Xie et al. [ 154 ] demonstrated that miR-24, -26a, and -30d were elevated in the cell 
free pleural fl uid of individuals with lung or gastric cancer who had malignant effu-
sions when compared to individuals without cancer who had benign effusions.   

6.11.4     miRNA Expression in Body Fluids of Patients 
with Liver Cancer 

6.11.4.1     miRNA Expression in Blood 

 Elevated levels of miR-500 [ 137 ] were observed in the sera of HCC patients, and its 
levels in sera returned to normal after surgical removal of the tumor. Qu et al. [ 138 ] 
reported the use of serum miR-16, -195, and -199a, alone or in combination with 
conventional serum markers, to differentiate HCC from chronic liver disease. Levels 
of miR-885-5p were signifi cantly higher [ 164 ] in the sera of patients with HCC, 
liver cirrhosis and chronic hepatitis B than in healthy controls or gastric cancer 
patients. The ratio of miR-92a/miR-638 was found to be lower in individuals with 
HCC than in healthy controls [ 158 ].   

6.11.5     miRNA Expression in Body Fluids of Patients 
with Lung Cancer 

6.11.5.1     miRNA Expression in Blood 

 Bianchi et al. [ 165 ] reported the development of an miRNA diagnostic test in serum to 
identify asymptomatic high-risk individuals with early stage lung cancer. Zheng et al. 
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[ 140 ] found that circulating miR-155, -197, and -182 can be potential noninvasive 
biomarkers for early detection of lung cancer. By using both Solexa sequencing and 
quantitative reverse transcription (qRT)-PCR, it was determined that miR-25 and -223 
were highly expressed in lung cancer compared to normal sera [ 92 ]. Shen et al. [ 139 ] 
reported that plasma miR-21, -126, and -486-5p are potential circulating biomarkers 
for the noninvasive diagnosis of lung cancer among individuals with solitary pulmo-
nary nodules.  

6.11.5.2     miRNA Expression in Sputum 

 Xie et al. [ 151 ] found that miR-21 overexpression in the sputum of individuals with 
lung cancer. In a separate study, Yu et al. [ 152 ] found that miR-486, -126, and -145 
were expressed at lower levels, whereas miR-21, miR-182, -375, and -200b dis-
played higher expression in cancer patients’ sputum compared to sputum of cancer- 
free individuals. Three (miR-205, -210, and -708) miRNAs [ 153 ] used in 
combination best distinguished lung squamous cell carcinoma patients from normal 
subjects (73 % sensitivity and 96 % specifi city).  

6.11.5.3     miRNA Expression in Pleural Effusions 

 Xie et al. [ 154 ] reported that miR-24,- 26a and -30d were increased in the cell free 
pleural fl uid of individuals with lung or gastric cancer who had malignant effusions 
in comparison to individuals without cancer who had benign effusions. Eleven 
serum miRNAs were altered more than fi vefold between in longer vs. shorter survival 
groups with NSCLC [ 159 ], and levels of four miRNAs (i.e., miR-486, -30d, -1, and 
-499) were associated with overall survival [ 159 ].   

6.11.6     miRNA Expression in Body Fluids of Patients 
with Ovarian Cancer 

6.11.6.1     miRNA Expression in Blood 

 Eight blood miRs (-21, -141, -200a, -200b, -200c, -203, -205, and -214) were 
reported to be markers of ovarian cancer [ 141 ]. Serum miR-21, -92, -93, -126, -29a, 
-155, -127, and -99b were found to be altered in women with ovarian cancer who 
had normal CA-125 levels [ 142 ].   
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6.11.7     miRNA Expression in Body Fluids of Patients 
with Pancreatic Cancer 

6.11.7.1     miRNA Expression in Blood 

 Increased levels of miR-200a and miR-200b in the serum of most patients with 
pancreatic cancer suggest their use as diagnostic pancreatic cancer biomarkers 
[ 143 ]. Plasma miR-210 expression from patients with newly diagnosed locally 
advanced pancreatic adenocarcinomas was highly increased compared to age- 
matched controls [ 144 ]. Wang et al. [ 18 ] identifi ed plasma miR-155 as a candidate 
biomarker of early pancreatic neoplasia, whereas increased expression of miR196a 
correlated with disease progression. In a recent study, Morimura et al. [ 146 ] found 
that plasma concentrations of miR-18a were signifi cantly higher in pancreatic can-
cer patients than in controls.   

6.11.8     miRNA Expression in Body Fluids of Patients 
with Prostate Cancer 

6.11.8.1     miRNA Expression in Blood 

 miRNAs are stable and quantifi able in human plasma [ 91 ,  92 ]. Mitchell and cowork-
ers [ 91 ] showed that miRNAs originating from human prostate cancer xenografts 
enter the circulation and are easily measured in plasma. Serum levels of miR-141 
distinguished patients with prostate cancer from healthy controls. Brase et al. [ 160 ] 
demonstrated that expression levels of circulating miRNAs-375 and -141, are 
enhanced in prostate cancer and correlate with tumor progression.   

6.11.9     miRNA Expression in Body Fluids of Patients 
with Oral Squamous Cell Cancer (OSCC) 

6.11.9.1     miRNA Expression in Blood 

 Based on fi ndings of increased miR-31 expression in OSCC tissue, the plasma of 43 
individuals with OSCC and 21 controls was evaluated [ 166 ]. miR-31 expression 
was elevated in those with cancer, providing a receiver operating characteristic 
curve (ROC) area of 0.82.  
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6.11.9.2     miRNA Expression In Saliva 

 Two miRNAs, -125a and -200a, were present in signifi cantly lower levels in the 
saliva of OSCC patients than in controls [ 157 ]. Salivary levels of miR-31 were 
higher in subjects with OSCC compared to controls [ 156 ] and in OSCC compared 
to leukoplakia. They also found that that miR-31 was concentrated in saliva com-
pared to plasma, which suggests that salivary assessment of miR-31 was preferred. 
After excision of oral carcinoma, salivary levels of miR-31 markedly decreased, 
suggesting salivary miR-31 as a biomarker for early detection and postoperative 
follow-up of OSCC [ 156 ].   

6.11.10     miRNA Expression in Body Fluids of Patients 
with SCC of Tongue 

6.11.10.1     miRNA Expression in Blood 

 Plasma miR-184 levels were signifi cantly higher in the tissue of patients with SCC 
compared to healthy individuals, and miR-184 levels signifi cantly decreased after 
surgical treatment [ 147 ].   

6.11.11     miRNA Expression in Body Fluids of Patients 
with Esophageal SCC 

6.11.11.1     miRNA Expression in Blood 

 A panel of 7 serum miRNAs (miR-10a, -22, -100, -148b, -223, -133a, and -127-3p) 
were identifi ed as blood-based biomarkers for the diagnosis of esophageal SCC [ 148 ].   

6.11.12     miRNA Expression in Body Fluids of Patients 
with Bladder Cancer (BC) 

6.11.12.1     miRNA Expression in Urine 

 In subjects with bladder cancer, urine levels of miR-126, -182, and -199a were more 
abundant than in controls [ 155 ], and the ratio of miR-126 and miR-182 in urine 
samples could be used to detect bladder cancer. Particularly, the researchers demon-
strated that the ratio of miR-126/miR-152 and miR-182/miR-152 was higher in 
individuals with bladder cancer compared to either controls or individuals with 
urinary tract infections [ 155 ].   
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6.11.13     miRNA Expression in Body Fluids of Patients 
with Melanoma 

6.11.13.1     miRNA Expression in Blood 

 In one study, about 900 human miRNAs were screened to detect miRNAs that are 
deregulated in their expression in the blood of melanoma patients, using a microar-
ray based approach. The researchers found that 21 miRNAs were downregulated and 
30 upregulated, concluding that miRNA expression signatures are useful biomarkers 
for melanoma [ 167 ]. Holst et al. [ 149 ] investigated miRNAs that would better dif-
ferentiate atypical nevi (AN) from common acquired nevi (CN). AN, elevated mela-
nocyte lesions more than 5 mm in diameter, are independent predictors of malignant 
melanoma. miR-125 was downregulated and miR-let-7c upregulated in AN com-
pared to CN [ 149 ]. In another study, miR-125b was reported as a prognostic marker 
of metastatic melanoma [ 168 ]. These researchers found that miR-125b was down-
regulated in primary cutaneous melanomas that produced early metastases (T2, N1, 
M0) compared to sentinel lymph node-negative (T2, N0, M0) melanomas [ 168 ].   

6.11.14     miRNA Expression in Body Fluids of Patients 
with Rhabdomyosarcoma 

6.11.14.1     miRNA Expression in Blood 

 Miyachi et al. [ 150 ] investigated the possibility of using muscle-specifi c miRNAs 
(miR-1, -133a, -133b, and -206) as biomarkers of rhabdomyosarcoma (RMS). Their 
results indicated that expression of muscle-specifi c miRNAs, especially miR-206, 
was signifi cantly higher in RMS cell lines than in other tumor cell lines, as well as 
in rhabdomyosarcoma tumor specimens. It was further demonstrated that serum 
levels of muscle-specifi c miRNAs were signifi cantly higher in patients with RMS 
tumors in comparison to patients with without RMS. Their fi ndings suggest the 
possibility of using circulating muscle-specifi c miRNAs, especially miR-206, as 
biomarkers for RMS [ 150 ].   

6.11.15     miRNA Expression in Body Fluids of Patients 
with Diffuse Large B-Cell Lymphoma (DLBCL) 

6.11.15.1     miRNA Expression in Blood 

 The presence of miRNAs in the serum of patients with DLBCL was fi rst described 
in 2008 [ 93 ]. The high expression levels of tumor-associated circulating miRNAs 
(miR-21, -155, and -210) in serum of patients with DLBCL compared to health 
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subjects suggests that miRNAs can serve as potential noninvasive diagnostic 
markers for DLBCL [ 93 ]. It was further demonstrated that high expression levels of 
miR- 21 was associated with relapse-free survival [ 93 ].    

6.12     Challenges in the Use of miRNAs as Biomarkers 
and Possible Solutions 

 Advances in molecular medicine, genomics and proteomics have resulted in the 
discovery of many candidate biomarkers with potential clinical value [ 169 ], includ-
ing miRNAs. In addition, such advances, specifi cally in the areas of gene expression 
and proteomics have made it possible to correlate disease stages with molecular 
marker profi les. Although hundreds of miRNA cancer markers have been identifi ed 
to date, only few candidate biomarkers are universally recognized as superior prog-
nostic or diagnostic tools, and even fewer have been validated and approved by 
FDA. Multiple factors might have contributed to the slow pace of advance in cancer 
biomarkers. miRNAs, as mRNA regulators, could serve as effi cient diagnostic and 
prognostic candidates, and potential therapeutic targets. However, there are still a 
lot of challenges regarding miRNAs in body fl uids that need to be confronted, in 
order to produce an ideal cancer biomarker. 

 One of the several challenges of using plasma or serum samples for miRNA 
analysis is that no specifi c miRNA is available to use as an endogenous control to 
normalize the relative quantity of miRNA in the plasma or serum. Another limita-
tion is that other classes of RNAs or mRNAs which could be used as a standard for 
qRT-PCR for measuring circulating miRNAs (e.g., as “housekeeping” serum 
miRNA/small RNA) are not stable in serum. A third challenge are the questions 
concerning the biological half-life of the circulating miRNAs, which requires more 
evaluation, as it may have important implications in clinical applications [ 152 ]. A 
fourth challenge involves the specifi city of miRNAs; for instance, a single miRNA 
can distinguish different cancers which have the same serum miRNA, e.g., miR-21 
in DLBCL and pancreatic cancer. A fi fth reason is that the technologies available 
have limited power to detect low-abundance cancer biomarkers against the back-
ground of high-abundance plasma proteins, which implies that many of the best 
markers may be missed until discovery technology improves. A sixth reason is the 
standardization of miRNAs: the preparation of serum/plasma will need be standard-
ized in order to generalize fi ndings from different labs, patients or groups. A seventh 
challenge is that the capacity to verify and validate existing candidate biomarkers 
(through the approach of rigorous testing in large sample sets from many diseases) 
is limited, suggesting that it is possible the required biomarkers may have already 
been “discovered” but not yet validated [ 170 ]. 

 Possible solutions to the challenges facing the use of miRNAs in body fl uids as 
cancer biomarkers has been suggested by many researchers. Patell and Sauter [ 94 ] 
note that most body fl uid studies have been performed on samples from the circula-
tion. These researchers suggest that organ specifi c body fl uids will be more 
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predictive of disease, as they are not diluted by the contribution from other organs 
in the body. They further suggested that additional work needs to be done looking 
at organ specifi c body fl uids for cancer risk assessment and early disease detection 
[ 94 ]. Overall, although important progress has been made in the fi eld of miRNAs as 
cancer biomarkers, and many researchers have focused on the prediction and iden-
tifi cation of novel miRNAs, much work remains to validate, annotate, and charac-
terize identifi ed miRNAs. It is our hope that with continuous improvement in 
detection techniques, more progress will be made in the application of circulating 
miRNA in clinical diagnosis and management of cancer.  

6.13     Conclusion 

 The detection of miRNA in body fl uids is a new fi eld of study that has shown prom-
ise as useful markers for early cancer detection. This book chapter has summarized 
the use of miRNAs as biomarkers for cancer, with an emphasis on the attributes of 
a good miRNA biomarker, evidence supporting the potential use of circulating 
(serum and plasma) and urinary miRNAs as diagnostic markers, the advantages of 
their use, challenges (e.g., validation of cancer biomarkers etc.) and possible solu-
tions in their assessment as biomarkers for clinical diagnostic application. Numerous 
studies are being conducted to identify novel biomarkers, as well as with validating 
promising candidates, once identifi ed. Although detecting cancer at an early stage 
is very attractive, factors such as the probability of getting false positive/negative 
results must be considered when determining the usefulness of the marker.    
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    Abstract     Epigenetics is the study of heritable changes in gene expression that do 
not involve changes in the underlying DNA sequence. The most studied epigenetic 
modifi cations include DNA methylation and histone changes. These modifi cations 
are able to modulate the chromatin conformation and have a critical role in regulat-
ing gene expression. Over the last years, growing evidences have revealed the 
 crucial role of epigenetic mechanisms controlling noncoding RNAs (ncRNAs) 
expression, in the same way as previously shown for protein-coding genes. Most 
interestingly, the link between ncRNAs and epigenetics is not limited to epigenetic 
regulation of ncRNAs, but also takes place in the opposite direction, meaning that 
these RNA molecules are able to control gene expression by regulating effectors of 
the epigenetic machinery. In this chapter both of these scenarios will be discussed, 
focusing in the cancer context. The complex network of reciprocal interactions 
between ncRNAs and epigenetics is just beginning to unravel and an exciting future 
in research about the role of ncRNAs in cancer epigenetics is guaranteed.  
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7.1         Introduction 

    The term Epigenetics was introduced by C.H Waddington in 1939 to name “the 
causal interactions between genes and their products, which bring the phenotype 
into being” [ 1 ]. It was later redefi ned as those heritable changes in gene expression 
that do not involve changes in the underlying DNA sequence [ 2 ]. The most studied 
epigenetic modifi cations include DNA methylation and histone changes. These 
modifi cations are able to modulate the chromatin conformation and have a critical 
role in regulating gene expression and the accessibility of transcription factors, 
 co-activators, and co-repressors. 

 In humans, DNA methylation occurs at the carbon-5 of the cytosine in CpG 
dinucleotides. This reaction is catalyzed by DNA methyltransferases (DNMTs): 
DNMT3a and DNMT3b (de novo DNMTs) transfer a methyl group from  S -adenosyl- 
methionine  to previously unmethylated cytosines, while DNMT1 ( maintenance  
DNMT) preserves the methylation patterns throughout each cell division. CpG sites 
are not randomly distributed in the genome, but instead there are CpG-rich zones 
known as CpG islands, located mainly at the regulatory regions in 40–60 % of all 
genes [ 3 ,  4 ]. Methylation of CpG islands is a rare event in normal cells, restricted to 
untranscribed genes in X chromosome, imprinted genes, germ line genes, and some 
tissue-specifi c genes. However, CpG island hypermethylation is a common hallmark 
in cancer cells, fi rst associated to tumor suppressor gene silencing [ 4 ,  5 ]. 

 Along with DNA methylation, histone modifi cations are the most studied epigen-
etic events related to cancer progression. Regulation of gene expression can occur 
through posttranslational modifi cations of the histone tails, including covalent changes 
such as acetylation, methylation, phosphorylation, ubiquitination, sumoylation, pro-
line isomerization, and ADP-ribosylation. Their presence on histones form the called 
“histone code” that dictates the chromatin structure in which DNA is packaged and 
can orchestrate the ordered recruitment of enzyme complexes to wrap the DNA [ 6 ,  7 ]. 
This histone code is “written” and “erased” by histone modifying enzymes. The 
“writer” of histone modifi cation refers to an enzyme that catalyzes a chemical modi-
fi cation of histones in a residue-specifi c manner (i.e., histone methyltransferases 
HMTs or histone acetyltransferases HATs), and the “eraser” of histone marks refers 
to an enzyme that removes a chemical modifi cation from histones (i.e., histone 
demethylases HDMs or histone deacetylases HDACs). This code is interpreted by 
“reader” or “effector” proteins that specifi cally bind to a certain type or a combination 
of histone modifi cations and translate the histone code into a meaningful biological 
outcome, whether it is transcriptional activation or silencing, or other cellular responses. 
In addition to this recruitment mechanism, histone marks per se can modulate the 
chromatin conformation based on steric or charge interactions (i.e., neutralization of 
the positive charges of histones by acetylation of lysines) [ 6 ,  8 ]. 

 Another crucial player in epigenetic silencing is the Polycomb system. In mammals, 
two main Polycomb complexes have been identifi ed: Polycomb repressive complex 1 
(PRC1) and 2 (PRC2). PRC1 compacts chromatin and catalyzes the monoubiquity-
lation of histone H2A, and PRC2 also contributes to chromatin folding and catalyzes 
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the methylation of histone H3 at lysine 27 (H3K27). Polycomb complexes have been 
implicated in diverse biological processes such as epigenetic inheritance, differentiation, 
stem cell plasticity, proliferation, and senescence [ 9 ]. Altogether, this complex epigen-
etic network guarantees a dynamic and accurate control of gene expression. 

 Over the last years, growing evidences have revealed the crucial role of epigenetic 
mechanisms controlling noncoding RNAs (ncRNAs) expression, in the same way as 
previously shown for protein-coding genes. Most interestingly, the link between 
ncRNAs and epigenetics is not limited to epigenetic regulation of ncRNAs, but also 
takes place in the opposite direction, meaning that these RNA molecules are able to 
control gene expression by regulating effectors of the epigenetic machinery. In this 
chapter both of these scenarios will be discussed, focusing in the cancer context.  

7.2     Epigenetically Regulated Noncoding RNAs in Cancer 

7.2.1     Short and Midsize ncRNAs 

 Epigenetic silencing is considered a hallmark of cancer. The fi rst evidences showing 
how this mechanism is able to control ncRNA expression were found in microRNAs 
(miRNAs), the most widely studied class of ncRNAs. Using different strategies, inde-
pendent groups were able to demonstrate that miRNA levels are epigenetically regu-
lated [ 10 – 12 ]. Treating the human bladder cell line T24 with the chromatin-modifying 
drugs 5- aza -2′-deoxycytidine (a DNA demethylating agent) and 4-phenylbutyric acid 
(a histone deacetylase inhibitor, HDACi), Saito et al. found that about 5 % of a set of 
313 miRNAs incorporated in a microarray platform were upregulated more than 
threefold, including  miR-127  [ 10 ]. Using an analogous approach but another HDACi, 
the hydroxamic acid LAQ824, Scott et al. reported that levels of 27 miRNAs were 
rapidly deregulated after treatment in the breast cancer cell line SKBr3; for instance 
expression of  miR-27  was signifi cantly decreased [ 11 ]. Our group also contributed 
with the fi rst proofs of the role of epigenetics in ncRNAs. Thus, using as a model 
system a colon cancer cell line genetically defi cient for the DNA methyltransferases 
DNMT1 and DNMT3b (HCT-116 double knockout) and comparing it with the wild-
type cell line (HCT-116), we identifi ed epigenetic silencing of  miR-124a . Furthermore, 
we demonstrated that miR- 124a inhibition results in an increased expression of its 
target CDK6, and consequent phosphorylation of the downstream CDK6-regulated 
Rb protein [ 12 ]. CpG hypermethylation- associated silencing of this miRNA has also 
been detected in other tumors, such as glioblastoma multiforme [ 13 ], gastric cancer 
[ 14 ], hematopoietic malignancies [ 15 ,  16 ], hepatocellular carcinoma [ 17 ], and cervi-
cal tumors [ 18 ]. The HCT-116 DNMT1/3b double knockout cell line has been a 
 valuable tool in the identifi cation not only of epigenetically regulated miRNAs with 
tumor suppressor capacity, but also oncogenic miRNAs, as is the case for  let-7a-3 . 
This member of the archetypal let-7 miRNA gene family was found heavily methyl-
ated in normal human tissues but hypomethylated in some lung adenocarcinomas 
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[ 19 ]. In contrast, hypermethylation of this miRNA has been detected in ovarian and 
breast cancer [ 20 ,  21 ]. 

 During the last few years, the list of miRNAs regulated by CpG methylation and 
histone modifi cations is in accelerated expansion. Some relevant examples are 
included in Table  7.1  and Fig.  7.1 , e.g.,  miR-1  in hepatocarcinoma [ 22 ];  miR-107  
in pancreatic cancer [ 34 ];  miR-129-2  in colorectal [ 25 ], endometrial [ 35 ] and gas-
tric cancer [ 33 ,  36 ];  miR-137  in colorectal [ 25 ,  37 ]; gastric [ 39 ] and oral cancer [ 38 , 
 41 ,  42 ] ; miR-193a  in hematological malignances [ 44 ], oral [ 43 ] and lung cancer 
[ 27 ];  miR-196b  in gastric cancer [ 46 ] and hematopoietic malignancies [ 45 ];  miR- 
199a   in gastric [ 47 ], ovarian [ 48 ], and testicular tumors [ 49 ];  miR-203  in hemato-
logical malignances [ 32 ,  55 ,  56 ] and hepatocellular carcinomas [ 17 ] or  miR-9-1  in 
colorectal cancer. Interestingly, in this case its methylation was associated with the 
presence of lymph node metastasis [ 25 ]. The relevance of epigenetic control of 
miRNAs in cancer progression and metastasis has also been extensively  documented. 
In 2008, our group described a miRNA DNA methylation signature for metastasis. 
By means of a pharmacological and genomic approach, treating lymph node 
 metastatic cancer cells with a DNA demethylating agent followed by hybridization 
to an expression microarray, we detected reexpression of  miR-9 ,  miR-34b/c,  and 
 miR-148a  upon drug treatment and confi rmed cancer-specifi c hypermethylation- 
associated silencing. Most relevantly, the reintroduction of miR-148a and miR- 
34b/c in cancer cells with epigenetic inactivation inhibited their motility, reduced 
tumor growth, and inhibited metastasis formation in xenograft models, with an 
associated downregulation of the miRNA oncogenic target genes, such as C-MYC, 
E2F3, CDK6, and TGIF2. Moreover, miR-9, miR-34b/c and miR-148a hypermeth-
ylation was signifi cantly associated with the appearance of lymph node human 
metastasis [ 24 ]. Epigenetic control of these miRNAs has been also confi rmed by 
other studies [ 16 ,  23 ,  26 ,  27 ,  31 – 33 ]. Recently, our group and others have also 
shown the epigenetic silencing of a miRNA family, the  miR-200 family , recog-
nized as a master regulator of the epithelial phenotype, by targeting ZEB1 and 
ZEB2, important repressors of E-cadherin and cell polarity genes [ 50 – 54 ]. During 
tumor progression, the loss of epithelial features and acquisition of mesenchymal 
attributes through epithelial–mesenchymal transition (EMT) defi ne tumor fate and 
metastatic dissemination. However, once cancer cells have reached a secondary site, 
regain of some epithelial properties (mesenchymal to epithelial transition, MET) 
could be advantageous for colonizing and establishing a secondary tumor. The plas-
ticity and reversibility make epigenetic mechanisms excellent strategies to modulate 
miRNAs with variable expression during tumor progression. In this regard, we 
described a reversible mechanism to regulate expression of both clusters of miR- 
200 family,  miR-200ba429  and  miR-200c141 , during EMT and cancer progression 
through dynamic epigenetic regulation mediated by CpG island promoter methyla-
tion [ 53 ]. Interestingly, in bladder and lung cancer a coordinated epigenetic silencing of 
 miR-200 and  miR-205  has been reported, the last one also involved in EMT [ 54 ,  57 ].

    Most of the aforementioned examples describe miRNAs regulated by CpG 
 methylation. Epigenetic control is nevertheless mainly achieved not only by DNA 
methylation but also by histone modifi cations, both epigenetic marks being closely 
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interconnected in order to guarantee a strict control of gene expression. However, 
many studies are focused on DNA methylation, perhaps largely due to technical 
constrains. But it is important to remark the crucial role of histone modifi cations 
controlling miRNA expression. Illustrative examples include  miR-15a ,  miR-16 , 
and  miR-29b  in chronic lymphocytic leukemia (CLL) [ 28 ]. miR-15a/miR-16 clus-
ter was the fi rst evidence linking miRNAs to human cancer, and common deletions 
in their genomic loci (13q14) were described as the main causal factor [ 66 ]. 
However, genomic deletions are not able to explain downregulation of these 
 miRNAs in all the CLL cases. Recently, Sampath et al. have demonstrated that the 
common overexpression of HDACs in CLL mediates epigenetic silencing not only 
of the miR-15a/miR-16 cluster, but also of miR-29b [ 28 ]. HDACs are also impor-
tant players in  miR-17-92  cluster regulation, as recently described in colorectal 

Let-7a-3

miR-1

miR-9 family
miR-15a/16-1 cluster

miR-17-92 cluster

miR-27

miR-29a

miR-31

miR-34b/c

miR-107 miR-124a

miR-127

miR-129-2

miR-137
miR-148a

miR-193a

miR-196b

miR-199a
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miR-203

miR-205

miR-224

SNORD123

U70C

ACA59B

HBII-240

ACA8 

Uc.160+

Uc.283+A

Uc.346+
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LOC554202

Unmethylated CpGs

Methylated CpGs

Active histone marks
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X

  Fig. 7.1    Epigenetically regulated noncoding RNAs in cancer. ( a ). Epigenetic mechanisms involved 
in regulating ncRNA expression. Unmethylated CpGs and presence of active histone marks in regula-
tory regions of ncRNAs are related to active transcription, while CpG hypermethylation and presence 
of repressive histone marks are common events associated to gene silencing in cancer. The enzymes 
responsible of modifying DNA and histones include DNA methyltransferases (DNMTs), histone 
acetyltransferases (HATs), histone deacetylases (HDACs), histone methyltransferases (HMTs), and 
histone demethylases (HDMs). ( b ). Epigenetically controlled ncRNAs, classifi ed according to size 
(nt): miRNAs ( big circle ), snoRNAs ( medium circle ), and lncRNAs ( small circles )       
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cancer, where HDAC inhibitors decreased expression of miR-17-92 cluster with a 
corresponding increase in their target genes, including PTEN, BCL2L11 and 
CDKN1A [ 29 ]. In hepatocellular carcinoma, it has been reported that  miR-224  is 
reciprocally regulated by HDAC1, HDAC3, and the histone acetylase protein EP300 
(E1A binding protein p300) [ 58 ]. Moreover, the recent development of genome-
wide technologies, such as high-resolution ChIP-seq, has improved our knowledge 
about the role of histone modifi cations in miRNA regulation in cancer [ 67 ]. 

 The new technical advances and vanguard strategies guarantee a booming under-
standing of the role of epigenetics not only in miRNA regulation, but also in other 
ncRNAs. It is the case of Small Nucleolar RNAs (snoRNAs), midsize ncRNAs of 
about 60 to 300nt located in the nucleolus whose main role is to guide chemical 
modifi cations of other RNAs. Thus, they are responsible for methylation and 
 pseudouridylation of ribosomal RNA (rRNA) at about 50–100 sites per eukaryotic 
ribosome [ 68 – 70 ]. Our group has recently shown the existence of cancer-specifi c 
hypermethylation events in CpG islands associated with snoRNAs that lead to their 
transcriptional inactivation in transformed cells [ 59 ]. By data mining snoRNA data-
bases and the scientifi c literature, we selected forty-nine snoRNAs that had a CpG 
island within ≤2 Kb or that were processed from a host gene with a 5′-CpG island. 
Interestingly, the host gene-associated 5′-CpG islands of the snoRNAs  SNORD123 , 
 U70C , and  ACA59B  were hypermethylated in the cancer cell lines but not in the 
corresponding normal tissues. Most importantly, CpG island hypermethylation was 
associated with the transcriptional silencing of the respective snoRNAs not only in 
cancer cell lines, but also in a comprehensive cohort of primary tumors, demonstrat-
ing that the observed hypermethylation of snoRNAs was a common feature of vari-
ous cancer types, particularly in leukemia [ 59 ]. Cheung et al. have also described 
epigenetic regulation of snoRNAs. They detected CpG hypomethylation in  HBII- 
240  ,  ACA8 , and  ACA33  in testicular germ cell tumors, associated to snoRNAs 
upregulation in comparison with normal testis tissue [ 60 ]. Although the specifi c role 
of these snoRNAs in cancer remains to be elucidated, they are likely to contribute to 
tumorigenesis through an effect on ribosomes and protein translation, especially if 
we consider that translation is often perturbed in cancer cells [ 71 ].  

7.2.2     Long ncRNAs 

 Regarding long ncRNAs (lncRNAs), we have found that Transcribed Ultraconserved 
Regions (T-UCRs) undergo epigenetic silencing in cancer [ 61 ]. T-UCRs are 
ncRNAs >200 nt that are absolutely conserved between orthologous regions of the 
human, rat and mouse genomes. Previous studies have shown that UCR expression 
levels are altered in cancer and that T-UCR expression signatures defi ne different 
human tumor types [ 72 ]. Treating cancer cells with a DNA-demethylating agent 
followed by hybridization to an expression microarray containing T-UCR 
sequences, we detected that  Uc.160+ ,  Uc283+A  and  Uc.346+  undergo specifi c 
CpG island hypermethylation- associated silencing in cancer cells compared with 
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normal tissues. Most importantly, this fi nding was not only an in vitro phenomenon 
but also it was confi rmed in a large set of primary human tumors [ 61 ]. Other studies 
describe negative regulation of T-UCRs by direct interaction with miRNAs in 
 neuroblastoma [ 73 ]. 

 Another example of epigenetically controlled lncRNA is the Maternally 
Expressed Gene 3 ( MEG3 ). MEG3 was the fi rst lncRNA proposed to function as a 
tumor suppressor, studying human pituitary adenomas [ 74 ]. CpG hypermethylation 
within its regulatory region has been involved in the loss of MEG3 expression in 
clinically nonfunctioning pituitary adenomas [ 62 ,  64 ], multiple myeloma [ 63 ], 
acute myeloid leukemia, and myelodysplastic syndromes [ 65 ]. Other interesting 
examples include  miR-31  and its host gene, the lncRNA  LOC554202 . The CpG 
island upstream of the miR-31 locus, which also spans the fi rst exon of LOC554202, 
is hypermethylated in breast cancer resulting in silencing of both miRNA and the 
host lncRNA [ 30 ]. 

 Remarkably, most lincRNAs (long noncoding RNAs located in intergenic 
regions) were fi rst identifi ed using a histone mark signature previously associated to 
active transcription in protein-coding genes: the “K4K36 signature” that consists of 
a short stretch of trimethylation of lysine 4 in the histone H3 (H3K4me3), which 
corresponds to promoter regions, followed by a longer stretch of trimethylation of 
lysine 36 in the histone H3 (H3K36me3), which covers the entire transcribed region. 
After excluding known genes, chromatin signatures revealed approximately 1,600 
regions in the mouse genome and 3,000 regions in the human genome that were 
actively transcribed [ 75 ,  76 ]. This fact highlights the key role of epigenetic marks in 
ncRNA regulation. Moreover, it has been reported that numerous lncRNAs that are 
expressed at lower levels in embryonic stem cells exhibit higher levels of H3K27me3 
at their promoters. In agreement with this fact, knockdown of the H3K27me3 meth-
yltransferase Enhancer of zeste homolog 2 (Ezh2) results in derepression of these 
lncRNAs [ 77 ].   

7.3     Noncoding RNAs as Regulators of the Cancer 
Epigenome 

7.3.1     Short and Midsize ncRNAs 

 Noncoding RNAs are not only regulated by epigenetic mechanisms but also  modulate 
DNA methylation, histone modifi cations and chromatin remodeling by interfering 
with the effectors of the epigenetic machinery (Table  7.2 ). Thus, ncRNAs are able to 
regulate gene expression by two different ways: direct interaction with their target 
mRNAs and/or acting as master regulators of the epigenetic processes. Recent stud-
ies in this fi eld have shown that DNMTs, HDACs, and HMTs are direct targets of 
miRNAs (Fig.  7.2 ). This subgroup of miRNAs that modulate the epigenetic machin-
ery has been called “epi-miRNAs.” The fi rst evidence was reported by Fabbri et al., 
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who demonstrated that  miR-29 family  induces global DNA hypomethylation by 
decreasing DNMTs expression, through direct targeting in the case of DNMT3a and 
DNMT3b or indirectly in DNMT1. Restoration of miR-29 expression in cancer cell 
lines resulted in demethylation and consequent reexpression of p15/INK4b and 
ESR1 comparable to that of using DNMTs inhibitors [ 78 ,  79 ]. DNMT3a is also tar-
get of  miR-143 , a frequent downregulated miRNA in CRC. More signifi cantly, 
enforced expression of miR-143 in colon cancer cells decreases tumor cell growth 
and soft-agar colony formation [ 83 ]. In addition,  miR-148  is able to repress 
DNMT3b expression targeting a region in its coding sequence instead of the 3′UTR 
as is usual in miRNA–mRNA interactions [ 84 ].  miR-148  and  miR-152  also target 
DNMT1, increasing Rassf1a and p16/INK4a expression, which in turn reduce cell 
proliferation in cholangiocarcinoma cells [ 85 ].  miR-342  and  miR-185  also directly 
target the 3′ untranslated region of DNMT1, as has been described in colorectal 
cancer [ 88 ] and gliomas [ 86 ].  miR-449a  is another miRNA targeting enzymes 
involved in  epigenetic regulation, specifi cally HDAC1. Thus, tumor- related down-
regulation of this miRNA could be one of the mechanisms responsible for the 
 frequent HDAC1 overexpression found in several cancer types. Introduction of 
 miR-449a into prostate cancer cells results in cell-cycle arrest, a senescence-like 
phenotype and apoptosis [ 89 ]. Another HDAC, HDAC4, is targeted by  miR-140 . 
Remarkably, blocking endogenous miR-140 partially sensitized resistant colon 

   Table 7.2    Noncoding RNAs as regulators of the cancer epigenome   

 ncRNA  Cancer type  Target genes  References 

 miR-29 family  Acute myeloid leukemia, lung  DNMT1, DNMT3a, 
DNMT3b 

 [ 78 ,  79 ] 

 miR-101  Bladder, prostate  EZH2  [ 80 ,  81 ] 
 miR-140  Colon and osteosarcoma  HDAC4  [ 82 ] 
 miR-143  Colorectal  DNMT3a  [ 83 ] 
 miR-148  Cervical, cholangiocarcinoma  DNMT1, DNMT3b  [ 84 ,  85 ] 
 miR-152  Cholangiocarcinoma  DNMT1  [ 85 ] 
 miR-185  Glioma  DNMT1  [ 86 ] 
 miR-212  Gastric  MeCP2  [ 87 ] 
 miR-342  Colorectal  DNMT1  [ 88 ] 
 miR-373  Cholangiocarcinoma  MBD2  (Chen et al. 

[   40 ]) 
 miR-449a  Prostate  HDAC1  [ 89 ] 
 HOTAIR  Breast, colorectal, gastrointestinal 

stromal tumors, hepatocellular 
carcinoma 

 PRC2, LSD1  [ 90 – 95 ] 

 ANRIL  Leukemia, Prostate  PRC1 (CBX7), 
PRC2 (SUZ12) 

 [ 96 – 98 ] 

 p21 antisense  EST sequenced from neuroblastoma. 
 Potentially oncogenic 

 Ago-1  [ 99 ] 

 lincRNA-p21  Potentially oncogenic  hnRNP-K  [ 100 ] 
 lncRNA- HEIH   Hepatocellular carcinoma  EZH2  [ 101 ] 
 ncRNAs- Cyclin D1  Potential tumor suppressor  p300/CBP  [ 102 ] 
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cancer cells to 5-fl uorouracil chemotherapeutic treatment [ 82 ]. In addition, HMTs 
are also targets of miRNAs. Studies in bladder transitional cell carcinomas and pros-
tate tumors have revealed that EZH2, the catalytic subunit of the Polycomb repres-
sive complex 2 (PRC2), is target of  miR-101 . Hence, the miR-101 downregulation 
observed in cancer could be involved in the common overexpression of EZH2 in 
aggressive solid tumors. Signifi cantly, restoration of miR-101 expression attenuates 
cancer invasion, whilst miR-101 inhibition induces an invasive phenotype [ 80 ,  81 ]. 
Another interesting example is  miR-373,  which has been recognized as a negative 
regulator of the Methyl-CpG-binding Domain Protein 2 (MBD2) in hilar cholangio-
carcinoma. MBD proteins bind selectively to methylated DNA and serve as a molec-
ular link to recruit histone deacetylases (HDAC) and other transcription repression 
factors to the chromatin. miR-373 inhibition leads to increase of MBD2, which in 
turn inhibits methylation-silenced genes such as RASSF1A [ 40 ]. Another MBD con-
trolled through miRNAs is MeCP2, targeted by  miR-212 . This miRNA has been 
found downregulated in gastric cancer, resulting in higher MeCP2 protein levels 

DNMT1 DNMT3b

miR-29
miR-148
miR-152
miR-185
miR-342

DNMT3a

miR-29
miR-143

miR-29
miR-148

Unmethylated DNA

HDAC1 HDAC4

miR-449a miR-140

Acetylated histones

ACTIVE TRANSCRIPTION

Lack of H3K27me3

EZH2

miR-101

a b c

  Fig. 7.2    Noncoding RNAs as regulators of the cancer epigenome. ncRNAs are able to regulate the 
effectors of the epigenetic machinery. ( a ) DNA methyltransferases (DNMTs), ( b ) histone deacety-
lases (HDACs), and ( c ) members of the Polycomb repressive complexes, such as Enhancer of zeste 
homolog 2 (EZH2) are direct targets of miRNAs. Posttranscriptional inhibition of these molecules 
by miRNAs leads to a global deregulation of gene expression in cancer       
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that could favor the epigenetic deregulation observed in these tumors [ 87 ]. These 
miRNA-controlled adjustments in the epigenetic machinery could in turn affect the 
regulation not only of protein-coding genes, but also of ncRNAs epigenetically 
regulated.

    In addition to the role of miRNAs as regulators of the epigenome, other short 
ncRNAs have been proposed as components of the epigenetic regulatory networks. 
 piRNAs  (PIWI-interacting RNAs) are germ line-specifi c ncRNAs of 24–30 nt in 
length that bind to Piwi proteins and guide them to their targets. These ncRNAs 
have been implicated in DNA methylation [ 103 ]. Previously, it had been described 
that loss of Piwi proteins MIWI2 (mouse piwi 2) and MILI (miwi-like) in male 
germ cells results in defective DNA methylation of regulatory regions of retrotrans-
posons in a similar way to that in DNMT3L-defi cient mice, indicating that the 
piRNA pathway plays essential roles in establishing de novo DNA methylation of 
retrotransposons in fetal male germ cells in mice [ 104 ,  105 ]. Along the same lines, 
Watanabe et al. have recently reported that the components of the piRNA pathway 
are required for de novo methylation of the differentially methylated region (DMR) 
of the imprinted mouse Rasgrf1 locus [ 103 ]. Although their specifi c functions in 
tumorigenesis are not clearly defi ned, piRNAs and PIWI proteins have been impli-
cated in cancer [ 106 – 109 ]. Strikingly, piRNAs have been involved not only in 
 testicular tumors but also are aberrantly expressed in human somatic tumors, imply-
ing a role outside germ line cells that make it worth an exhaustive research. For 
instance, expression of pi-651 was found upregulated in several cancer types [ 110 ], 
and tumor suppressive properties in human gastric cancer cells have been described 
for pi-823 [ 111 ]. In addition, these piRNAs have been proposed as useful biomarkers 
for detecting circulating gastric cancer cells [ 111 ]. 

 A role for another type of ncRNA,  pRNAs  (promoter-associated RNAs), in the 
regulatory networks controlling the epigenetic state of chromatin, have also been 
reported. Schmitz et al. have shown that pRNA interacts with the target site of the 
transcription factor TTF-I, forming a DNA:RNA triplex that is specifi cally recog-
nized by the DNA methyltransferase DNMT3b. More relevantly, they found that 
elevated levels of synthetic pRNA trigger  de novo  DNA methylation, heterochroma-
tin formation and transcriptional silencing. Remarkably, as commented by the 
authors, recruitment of DNMT3b by DNA–RNA triplexes may be a common and 
generally used pathway in epigenetic regulation that could act on virtually any gene 
that is silenced by DNA methylation [ 112 ].  

7.3.2     Long ncRNAs 

 The abovementioned example of a triplex structure consisting of ncRNA:DNA: 
DNMT3b illustrates the versatility of ncRNAs, feature that makes them ideal 
orchestrators of epigenetic networks. In particular, long noncoding RNAs are 
 considered fl exible modular scaffolds of proteins that bring specifi c regulatory com-
ponents into proximity with each other, which results in the formation of functional 
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complexes. However, as described for several ncRNAs, the model of lncRNAs as 
modular scaffolds should not be limited to protein interactions. Base- pairing align-
ment with DNA could be used to guide complexes to specifi c DNA sequences or 
bridge together sets of DNA-binding proteins. Additionally, lncRNAs could also 
interact with other RNAs in order to assemble complexes that can interact with 
proteins [ 113 ]. This attribute of lncRNAs is critical in their function as effectors of 
epigenetic control and gene expression regulation. The ability of lncRNAs to bind 
to multiple histone modifi er enzymes, recruit chromatin remodeling complexes, and 
recruit RNA binding proteins to gene promoters is broadly recognized. 

 Many of the identifi ed lncRNAs have a spatial and temporal expression patterns, 
indicating that lncRNA expression is strongly regulated. This fact suggests that 
lncRNAs have specifi c biological functions. In agreement with this idea, increasing 
evidences are demonstrating their role in a wide repertoire of biological processes, 
such as cell cycle control, cell differentiation, translation, splicing, etc. Considering 
that disruption of some of these functions has been implicated in tumorigenesis, it 
is expected that lncRNAs deregulation might be associated with cancer. In fact, 
there is growing information showing differential lncRNA expression in tumors and 
supporting the repercussion of lncRNA disruption in this disease. Below some 
examples of lncRNAs acting as epigenetic regulators with a proposed role in cancer 
will be discussed. 

 The most well-known lncRNA that acts as mediator of epigenetic modifi cations 
by recruiting chromatin remodeling complexes to specifi c loci is  XIST  
(X-inactivation specifi c transcript). During early development in females, XIST 
transcript is expressed from the inactive X and coats the X chromosome from which 
it is transcribed [ 114 ]. Another lncRNA, RepA, which is transcribed from the repeat 
A element of the XIST locus, recruits the Polycomb repressive complex 2 (PRC2) 
to the XIST promoter [ 115 ]. PRC2 in turns trimethylates H3K27 creating a hetero-
chromatic patch that leads to XIST transactivation resulting in widespread X silencing. 
Interestingly TSIX, another lncRNA, is transcribed from the XIST promoter in the 
antisense direction and regulates XIST levels during X-chromosome inactivation, at 
least in mice [ 116 ,  117 ]. Although a role for XIST in cancer has been suggested 
[ 118 ,  119 ], this issue remains controversial. While only one X chromosome is active 
in human cells, many tumors from both sexes have supernumerary X chromosomes 
and dysregulation of XIST expression has been detected. However, it remains to be 
determined whether the X chromosome duplications/reactivations, XIST dysregula-
tion, and overexpression of X-linked genes are involved in cancer development 
or are merely a consequence of overall epigenetic instability in these cancers [ 120 ]. 
It is remarkable that in a mouse thymic lymphoma model, the induction of Xist 
results in the initiation of X inactivation and the inhibition of tumor growth, sug-
gesting that Xist deregulation might play a signifi cant role in tumorigenesis [ 121 ]. 
Moreover SATB1, a cofactor required for Xist-mediated silencing [ 121 ], is able to 
reprogramme chromatin organization upregulating metastasis-associated genes while 
downregulating tumor suppressor genes to promote tumor growth and metastasis in 
breast [ 122 ]. 
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 A mechanism of lncRNA-mediated epigenetic silencing similar to the 
 aforementioned for XIST has been described for AIR and KCNQ1OT1. Both 
lncRNAs epigenetically silence large domains of the genome through their interac-
tion with chromatin. In mice,  Air  is imprinted and expressed only from the paternal 
allele, whereas a near cluster including Igf2r, Slc22a2 and Slc22a3 protein-coding 
genes is expressed only from the maternal allele. Air is transcribed in antisense 
direction to Igf2r and Slc22a3 and is responsible for  cis -silencing of the three pater-
nally inherited genes, through binding to the Slc22a3 promoter and recruiting the 
histone lysine methyltransferase Kmt1c, which methylates H3K9 and drives the 
epigenetic silencing. Conversely, imprinted expression of Air itself is caused by a 
DNA methylation imprint acquired during oocyte development that silences the 
maternal Air promoter [ 123 ]. In humans, the IGF2R gene contains an intronic CpG 
island promoter that expresses the AIR ncRNA. The human AIR ncRNA is expressed 
in 16–40 % of Wilms’ tumors, however the AIR-mediated silencing of IGF2R is not 
clear. Only in a 50 % of tumor samples, high expression of the AIR ncRNA corre-
lated with reduced IGF2R expression [ 124 ]. 

 A similar example is  KCNQ1OT1 , expressed from the paternal allele and 
responsible for the  cis -silencing of a neighbor cluster of protein-coding genes. This 
lncRNA immunoprecipitates with members of the PRC2 complex (EZH2 and 
SUZ12) and the HMT G9, suggesting that KCNQ1OT1 is able to recruit these 
 histone methyltransferases in  cis  to establish the repressive H3K27me3 and H3K9me3 
marks, respectively [ 125 ]. A role in loss of imprinting for KCNQ1OT1 (LIT1) via 
epigenetic disruption has been suggested in colorectal carcinogenesis [ 126 ]. 

 It has been proposed that as many as 20 % of lncRNAs expressed in various cell 
types are bound by PRC2, and that additional lincRNAs are bound by other 
chromatin- modifying complexes [ 76 ]. In this context, it is noteworthy that members 
of PRC2 complex, such as EZH2, have been associated with cancer, although 
 contrasting evidences point to both oncogenic and tumor suppressor roles [ 127 ]. For 
example, Simon et al. have recently demonstrated that disruption of Ezh2 is suffi -
cient to cause T-acute lymphoblastic leukemia (T-ALL) in mice [ 128 ]. This tumor 
suppressor behavior of EZH2 has been also observed in human T-ALL [ 129 ]. 
In contrast, EZH2 seems to have an oncogenic role in nasopharyngeal carcinoma, 
where it is able to form a co-repressor complex with HDAC1/HDAC2/Snail to 
repress E-cadherin, regulating cell invasion and metastasis [ 130 ]. 

 One of the fi rst lncRNAs described to have a direct implication in cancer 
 progression by remodeling the chromatin landscape was  HOTAIR  (Hox antisense 
intergenic RNA) (Fig.  7.3 ). Among other 231 transcripts with low-coding potential, 
this ncRNA was identifi ed in a comprehensive study evaluating the transcriptional 
activity of human HOX loci [ 131 ]. HOTAIR is a 2.2-kb spliced and polyadenylated 
transcript that is transcribed from the HOXC locus. This ncRNA negatively  trans - 
regulates  the distant HOXD locus by acting as a molecular scaffold, binding and 
recruiting at least two distinct histone modifi cation complexes. The 5′ domain of the 
HOTAIR binds the PRC2 complex responsible for H3K27 methylation, while the 3′ 
region binds LSD1/CoREST/REST complex, which mediates enzymatic demethyl-
ation of H3K4me2 [ 90 ]. This lncRNA has been found highly upregulated in both 
primary and metastatic breast tumors. More signifi cantly, it has been demonstrated that 
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HOTAIR acts as an epigenomic reprogrammer regulating metastatic progression in 
breast tumors. Thus, this lncRNA recruits PRC2 complex to specifi c target genes 
genome-wide, leading to H3K27 trimethylation and epigenetic silencing of metas-
tasis suppressor genes [ 91 ]. Remarkably, their function in cancer progression and 
metastasis is not restricted to breast tumors, since a signifi cant correlation between 
HOTAIR overexpression and metastasis has also been detected in colorectal cancer 
[ 92 ], gastrointestinal stromal tumors [ 93 ], and hepatocellular carcinoma (HCC) 
[ 94 ]. In addition, in HCC patients who have undergone liver transplant therapy, 
HOTAIR has been proposed as candidate biomarker for predicting tumor 
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  Fig. 7.3    Role of long noncoding RNAs in chromatin remodeling in cancer. lncRNAs, like 
HOTAIR and ANRIL, can recruit chromatin remodeling complexes to specifi c genomic loci to 
mediate tumor suppressor gene silencing. (a). HOTAIR is transcribed antisense to HOXC genes 
and its expression is correlated with the repression of genes in the HOXD locus. The 5′ domain of 
the HOTAIR binds the Polycomb repressive complex 2 (PRC2) responsible for H3K27 methyla-
tion, while the 3′ region binds LSD1/CoREST/REST complex, which mediates enzymatic demeth-
ylation of H3K4me2. Recruitment of PRC2 complex to specifi c target genes genome-wide leads to 
epigenetic silencing of metastasis suppressor genes. (b). Long ncRNA ANRIL is transcribed anti-
sense of the INK4a/ARF/INK4b tumor suppressor genes. ANRIL mediates gene silencing of this 
locus by interaction and recruitment of members of the Polycomb repressive complexes PRC1 and 
PRC2. CBX7, a H3K27me3-recognizing component of PRC1, can bind directly to both ANRIL 
and H3K27me3 via its chromodomain, and both interactions are required for CBX7 to repress the 
INK4a and INK4b loci       
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recurrence. Also, its potential as therapeutic target has been suggested in view of 
experiments in which siRNA-mediated suppression of this lncRNA in a liver cancer 
cell line increased chemotherapeutic sensitivity to cisplatin and doxorubicin [ 95 ].

    ANRIL  (Antisense noncoding RNA in the INK4 locus) (Fig.  7.3 ) is another 
example of cancer-related lncRNA. It is transcribed from the INK4a/ARF locus that 
encodes the p15, p16, and ARF proteins, which regulate cell cycle progression and 
senescence. ANRIL is transcribed antisense to the INK4b/ARF/INK4a promoter 
and overlaps with two exons of p15/CDKN2B. It has been reported that ANRIL 
overexpression results in silencing of INK4b/ARF/INK4a and p15/CDKN2B in 
leukemia [ 96 ] and prostate cancer [ 97 ]. ANRIL-mediated epigenetic silencing is 
achieved by their interaction with members of the Polycomb repressive complexes 
PRC1 and PRC2. Yap and colleagues have reported that CBX7, a H3K27me3- 
recognizing component of PRC1, can bind directly to both ANRIL and H3K27me3 
via its chromodomain, and both interactions are required for CBX7 to repress the 
INK4a and INK4b loci [ 97 ]. Along the same lines, studies from Kotake et al. have 
revealed that ANRIL binds and is required for the recruitment of SUZ12, a compo-
nent of PRC2, to p15/INK4B locus [ 98 ]. p15/INK4B silencing has been correlated 
with an increase in the repressive mark H3K9me2 and a decrease of the active mark 
H3K4me2 at the promoter region, but no increase in DNA methylation has been 
observed [ 96 ]. These studies revealed the critical role of ANRIL- cis -mediated epi-
genetic silencing of a well-recognized cancer-related locus. It is noteworthy that 
specifi c SNPs in ANRIL have been correlated with an increased susceptibility to 
cancer and other diseases. For instance, SNPs in ANRIL infl uence the number of 
plexiform neurofi bromas in Neurofi bromatosis type 1 (NF1), a tumor predisposition 
syndrome [ 132 ]. 

 LncRNA-mediated silencing of tumor suppressor genes has also been reported 
as a mechanism controlling the cell cycle regulator p21/CDKN1A. Morris et al. 
described the bidirectional transcription at the p21 genomic locus where p21 anti-
sense ( p21AS ) acts as effector molecule driving transcriptional gene silencing 
of p21. p21AS maintains low-level epigenetic silencing by direct recruitment of 
Argonaute 1 (Ago-1) and the repressive mark H3K27me3 to the p21 sense promoter 
[ 99 ]. Although p21AS has not been associated to cancer thus far, the direct conse-
quence of an imbalance in endogenous bidirectional transcription could potentially 
lead to the deregulation of p21 expression and contribute to tumorigenesis, specially 
taking into account the crucial role of p21 in cell cycle control. Additionally, another 
ncRNA located approximately 15 Kb upstream of the p21/CDKN1A gene has been 
identifi ed. The so-called  lincRNA-p21 , (due to its proximity to p21 locus), is 
 transcribed from an independent promoter in the opposite orientation to the p21/
CDKN1A gene. This transcript was identifi ed as a p53-activated lincRNA whose 
binding to hnRNP-K (heterogeneous nuclear ribonucleoprotein K) is required for the 
proper localization of the ribonucleoprotein [ 100 ]. hnRNP-K had been previously 
described as a key component of a repressor complex that acts in the p53 pathway 
[ 133 ] and lincRNA-p21 was found to be a global repressor of genes in the p53 path-
way, playing an important role in the p53-dependent induction of apoptosis [ 100 ]. 
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Collectively, these examples highlight the lncRNA-mediated epigenetic silencing as 
an important mechanism driving critical cancer-related pathways. 

 Recently, a specifi c lncRNA High Expressed In Hepatocellular Carcinoma 
(HCC), called  lncRNA-HEIH , has been identifi ed. Interestingly, the expression 
level of this lncRNA has been signifi cantly associated with recurrence and has been 
proposed as an independent prognostic factor for survival in hepatitis B virus- 
related HCC. This lncRNA is able to associate with EZH2 and experimental 
 evidences have demonstrated that this association is required for the repression of 
EZH2 target genes in HCC progression [ 101 ]. 

 In addition to binding to and recruiting chromatin remodeling complexes and 
histone modifi er enzymes, the ability of lncRNAs to regulate gene expression is also 
achieved through their capacity to recruit RNA binding proteins and/or regulate its 
accessibility to gene promoters. ncRNAs transcribed from 5′ end of the Cyclin D1 
gene are signifi cant examples. Cyclin D1/CCND1 is a cell cycle regulator frequently 
disrupted in several cancer types [ 134 ]. In response to DNA damage,  ncRNAs- 
Cyclin D1  are expressed and interact with the TLS (Translocated in Liposarcoma) 
protein, inducing an allosteric modifi cation that allows its association with the 
CCND1 promoter. Recruitment of TLS to the promoter causes Cyclin D1 repression 
by inhibition of enzymatic activities of the histone acetyltransferases CREB- binding 
protein (CBP) and p300 [ 102 ]. 

 Another example is an lncRNA transcribed from the DHFR (Dihydrofolate 
Reductase) minor promoter. This  lncRNA-DHFR  has a key function in an epigenetic 
mechanism of promoter-specifi c transcriptional repression of the gene encoding 
DHFR. The lncRNA forms a triplex structure with the major promoter while interact-
ing directly with the transcription factor TFIIB, which results in the disruption of the 
preinitiation complex at the major promoter [ 135 ]. Considering the role of DHFR in 
the synthesis of DNA precursors, competitive inhibitors of DHFR (i.e., methotrexate) 
are used in anticancer therapy in order to limit the growth and proliferation of tumor 
cells [ 136 ]. Therefore, although so far a link between lncRNA- DHFR and cancer has 
not been identifi ed, this represents a topic worthy of future research. 

 Finally, ncRNAs can also function as molecular “decoys” by preventing correct 
regulation through competitive binding. For instance,  GAS5  (Growth arrest- specifi c 5) 
is an ncRNA whose conformation mimics that of the glucocorticoid responsive ele-
ment (GRE) DNA. Consequently, GAS5 is able to bind to the DNA-binding domain 
of the glucocorticoid receptor (GR) by acting as a decoy glucocorticoid response 
element (GRE). The competition with DNA GREs for binding to the receptor blocks 
the transcriptional induction by GR of the target genes. GAS5 is highly expressed 
in cells whose growth has been arrested because of lack of nutrients or growth fac-
tors and sensitizes cells to apoptosis by suppressing glucocorticoid- mediated induc-
tion of several responsive genes [ 137 ]. Interestingly, GAS5 has been found 
downregulated in breast cancer and some introns of GAS5 encode snoRNAs that 
sensitize mammalian cells to apoptosis, supporting its tumor suppressor role [ 138 ]. 
Overall, multiple examples have been discussed emphasizing the function of 
ncRNAs as regulators of the cancer epigenome.   
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7.4     Perspectives 

 The complex network of reciprocal interactions between ncRNAs and epigenetics is 
just beginning to unravel. The exponential increase in the number of studies and pub-
lications in the ncRNA fi eld highlights the fast advance of our knowledge in this mat-
ter, directly promoted by technological and bioinformatics advances at genome- wide 
level. In general, it has been demonstrated that the more complex an organism, the 
greater the number of its ncRNAs. Moreover, gene expression regulation by ncRNAs 
has signifi cant advantages, including rapid response speed (attributable to the proxim-
ity between ncRNA production and the target gene), or a lower energetic cost to the 
cell (due to the lack of protein synthesis), among others. Furthermore, their molecular 
structure consisting of primary nucleotide sequences leads to more plastic structure–
function constraints than proteins. Collectively, these facts support the proposition 
that expansion of regulatory RNAs was fundamental in cellular reprogramming and 
ultimately in the evolution of eukaryotes. Although until quite recently argued to be 
spurious transcriptional noise, the biological signifi cance and critical roles of ncRNA 
in cellular function are now supported by increasingly strong evidences. Versatility of 
these molecules makes them not only ideal orchestrators of biological networks, but 
also key components in tumorigenesis. An exciting future in research about the role of 
ncRNAs in cancer epigenetics is guaranteed.     
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    Abstract     MiRNAs could serve as the regulators of cell events, including such as 
differentiation, propagation, and apoptosis. MiRNAs could act as natural oncogenes 
or tumor suppressor genes. Whether a particular miRNA serves as either could 
almost be moot when the additional problems of SNPs enter the fray. A miRNA 
involved with SNPs (miR-SNPs) on any regulatory level, whether naturally cancer- 
inducing or not, could easily undergo an oncogenic transformation. This chapter 
reviews targets of miRNAs and the miRNAs themselves frequently containing 
SNPs refl ecting different risks and markers of cancer with emphasis on familial 
groups and populations of shared heredity.  

  Keywords     MicroRNAs   •   SNPs   •   Cancer  

8.1         Introduction 

 MiRNAs are short (19–25 nucleotides long in humans [ 1 ]), evolutionarily con-
served RNA structures that can bind to the mRNA of protein coding genes. Most 
often miRNAs bind within the 3′ untranslated region (UTR) [ 2 ,  3 ] though there 
are cases in which miRNAs can bind the 5′ UTR [ 4 ] and even within coding 
regions of some mRNAs [ 4 ,  5 ]. MiRNAs, like mRNAs, possess 5′ phosphate 
groups and 3′ hydroxyl termini. They are often found within introns of coding 
genes, but some miRNAs have their expression driven by a separate promoter. 
Nucleotides seven to eight bases in length, often referred to as seed sites, are 
located at the 5′ end of the mature form of miRNA [ 6 ]. The seed sites are usually 
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defi ned by evolutionary comparison; they are generally conserved among  distantly 
related species, though there is a weaker evolutionary conservation with the 3′ end 
of miRNAs as the tail is marginally involved in binding to the target site [ 7 ]. It has 
been computationally estimated that up to 30–60 % of genes can have their expres-
sion altered by the presence or absence of miRNAs that bind to the seed site target 
located on the mRNA. Single nucleotide polymorphisms (SNPs) are base pair 
changes with DNA that occur with a frequency of about 1 in 12,500 base pair or at 
approximately 99 % of the sites in which the same residue is present on both 
homologues of chromosomes [ 8 ]. SNPs are by far the most common form of 
mutation in the human genome. SNPs serve as guides to delineate possible mark-
ers for disease causing loci, or the loci themselves in databases such as HapMap. 
SNPs have typically been used for cancer-association studies in different ways. 
One involves direct examination of genes known to be involved in the cancer 
pathway; these studies are not always fruitful as they lack statistical power and are 
limited to a few genes known to interact with a specifi c oncogene or tumor-sup-
pressor gene [ 9 ]. The other uses genome-wide association studies (GWAS) in 
order to examine cancer association within a large population or SNPs can work 
with and within miRNAs to infl uence translational control of mRNAs [ 9 – 11 ]. 
SNPs are able in some cases to generate or abolish miRNA binding sites [ 12 ,  13 ]. 
SNPs have also been credited as activating miRNAs to become oncogenes or 
tumor-suppressors [ 14 ,  15 ]. 

 These SNP base pair changes, whether within the target site of the miRNA or the 
miRNA itself have been associated with many cancers, both in vitro and in vivo 
[ 16 – 18 ]. It is not likely coincidental that about half of all miRNAs are located at 
fragile sites as well as sites known to be involved in cancer [ 19 ]. This chapter largely 
covers the interaction of miRNAs with their target sites, but it should be noted that 
miRNA containing polymorphic SNPs can affect transcription of the primary tran-
script, and additionally, how the precursor-miRNA interacts with downstream 
miRNA processing proteins. After screening more than a 100 tumor tissues repre-
sentative of 20 cancers, the expression of one miRNA,  let-7e , was signifi cantly 
downregulated in vivo when a SNP transforming an A to a G (A>G) 17 bp down-
stream of the miRNA was examine [ 20 ]. Though this was not a bioinformatics study 
it demonstrated that SNPs within the pri- or pre-regions of miRNA could affect 
miRNA processing. Exact knowledge on the manufacture of the atypical expression 
remains elusive [ 20 ]. 

 Currently, the in silico prediction of miRNA interaction with a purported target 
site does not always agree with in vivo studies, though these predictions do lead to 
further avenues of exploration via in vivo studies and effective case–control studies 
[ 21 ]. The association of population-based SNPs with cancers, however, is a some-
what contested issue. It has been suggested that many of the population sizes used 
to measure the connotation with SNPs and cancer are not large enough to make 
some of the claims of association and as such more careful case–control studies are 
needed [ 22 ]. Also imperative is the need to link bioinformatics, in vitro examina-
tion, in vivo research and large case–control studies [ 23 ].  
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8.2     MiRNAs and Their Relationship to Cancer 

 Many miRNAs have been associated with certain cancer phenotypes. The fi rst 
known reporting of miRNAs and their association with some cancers was shown in 
Calin et al. [ 24 ]. This study showed a deletion of  miR-15a  and  miR-17-92  in chronic 
lymphocytic leukemia (CLL). This group further demonstrated that a germ-line 
mutation in the  pri-miR-16-1  results in down-regulation of the miRNA both in vivo 
and in vitro [ 24 ]. Other studies have also shown linkage between specifi c and non-
specifi c cancers [ 17 ]. For instance, the miR-19-92 cluster is frequently found rear-
ranged within lymphomas [ 25 ] and the  miR-17-92  cluster is found to be highly 
expressed in a variety of tumors [ 26 ,  27 ] and is associated with the binding of c-myc 
to E-boxes for activation of transcription [ 28 ]. In vivo and in vitro studies confi rm 
 miR-130a  targets transcription factor V-maf musculoaponeurotic fi brosarcoma 
oncogene homolog B ( MAFB ) and that depletion of  miR-10a  upregulates  HOXA1  
expression. It was also shown that  miR-10a  directly targets the 3′ UTR of  HOXA1  
RNA [ 28 ]. 

 Conversely, leukemic megakaryocytes show upregulation of  miR-101 ,  miR-126 , 
 miR-99a ,  miR-135 ,  miR-20  [ 28 ]. Additional works have pointed to miRNA differ-
ential expression leading to context dependent effects in some cancers. Expression 
signatures of cancer gene targets within solid tumors are also beginning to be 
explored [ 29 ] and recently solid tumors were used for deep sequencing and discov-
ery of new miRNA SNP regions [ 30 ]. However it is unknown whether these novel 
sequences will shed light on SNP regions that are differentially expressed across 
cancers within the same familial clades. 

8.2.1     Breast Cancer 

 A SNP in the precursor form of  miR-146a  could be a target for predicting age of 
onset for both ovarian and breast cancer [ 31 ] though there is some doubt about the 
case–control methodologies [ 32 ]. A SNP in the gene antecedent (rs2910164) chang-
ing a G>U pair to a C>U pair in the stem region was recently associated with age of 
onset of breast cancer (BC) and ovarian cancer (OC) in unrelated groups [ 31 ]. In 
vitro analysis demonstrated that the rare SNP variant binds the 3′ UTR of  BRCA1  
more commonly than the more common allele. This study suggests that the  miR- 
146a   mutant precursor may be concomitant with ovarian cancer and breast cancer 
[ 31 ]. A later study showed that the  miR-146a  pre-miRNA rs2910164 C>G allele 
was in Hardy–Weinberg equilibrium with the rest of the comparative population 
with in a case–control study among Chinese women [ 32 ]. Other studies point toward 
bioinformatics methodologies that could shed light on both miRNAs and their tar-
get sites with a role in cancer [ 33 – 35 ]. Recently, in a case–control study involving 
unrelated Chinese women of Han ethnicity, two out of four pre-miRNAs studied 
have shown to have signifi cance with increased risk of BC. The Hu et al. study 
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indicated that  hsa-mir-196a2  rs11614913: T>C and  hsa-mir-499  rs3746444: A>G 
were distributed more heavily in women of like descent [ 32 ]. The research also 
points out two genes,  LSP1  and  TOX3 , according to GWAS studies, are associated 
with  hsa-mir- 196a2-3p  and  hsa-mir-196a2-5p  as newly identifi ed BC susceptibility 
markers [ 32 ]. 

 In a smaller case study, the  estrogen receptor 1  ( ESR1 ) protein product has been 
shown to affect BC risk in women; based on a study predicting polymorphic SNPs 
effect on gene expression [ 36 ] an  ESR1  miRNA binding site was examined for asso-
ciation with BC onset [ 37 ]. The populations amassed for the study included familial 
BC cases and isolated cases of early onset BC. A minor allele of  ESR1  ( ESR1  
rs2747648T>C) within a predicted  miR-453  binding site was negatively correlated 
with premenopausal women and the onset of BC [ 37 ]. The allele (T>C) has a pro-
tective effect against BC, even more so in cases of familial BC and when the C allele 
was present in the homozygous condition. 

  BRCA1  and  BRCA2  gene mutations are involved in a majority of BCs and OCs 
[ 38 ,  39 ], however, both their penetrance and expressivity are questioned as neither 
gene (or both genes together) can truly predict an accurate outcome of patient dis-
ease onset [ 40 ,  41 ]. Kontorovich et al. examined a population of Jewish women at 
risk for BC and OC in a case–control study [ 42 ]. Specifi cally they address both 
miRNA binding site SNPs as well as SNPs with the miRNAs themselves. This is an 
interesting revelation in that three  BRCA2  SNPs within miRNA binding sites were 
found to have different modalities in their effect on BC and OC onset [ 42 ]. Two 
miRNA precursor SNPs, rs6505162 and rs895819 are associated weakly with can-
cer risk. The  hsa-mir-423  SNP rs6505162 is unusual in that it is located outside of 
the mature product, but various RNA folding programs are unable to predict any 
other genes with which this miRNA with its mutant SNP interact [ 42 ]. 

 Another SNP within the  activating transcription factor 1  ( ATF1 ) gene miRNA- 
binding site, rs11169571 is strongly associated with onset of cancer, but its mecha-
nism is also unknown. Rs11169571 has an affi nity for binding the  hsa-mir-320  
family and the heterozygote SNPs have an approximately twofold risk for develop-
ing BC and OC [ 42 ]. One line of reasoning suggests that the  miR-320  family binds 
a particular SNP blocking access to many other miRNAs that could in theory seek 
presentation to ATF1. The rs895819 SNP in its heterozygous form has a much 
lower rate of cancer and is located within the  has-mir-27a  pre-miRNA. Once again, 
RNA fold programs cannot predict the relevance of this particular SNP and its 
attachment to BC and OC [ 42 ]. Nicoloso et al. looked at SNPs that interrupt miRNA 
target sites [ 16 ]. The study found that BC associated SNPs within different popula-
tions at risk for developing BC ( BCRA1  rs799917 and  TGFR1  rs334348) present in 
differing amounts within somatic DNA.  TGFB1  SNP rs982073, associating with 
 miR-187  and  XRCC1  rs1799782, associating with  miR-138  possess the ability to 
alter expression by changing the target sites of each miRNA [ 16 ]. An A>G SNP is 
also found related BC, though its exact mechanism of action is unknown [ 43 ]. 
Another SNP, rs89519, was assessed with a reduction in BC within related indi-
viduals, though again the achievement of this SNP to aid in circumventing BC is a 
quandary [ 44 ].  
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8.2.2     Lung Cancer 

 Lung cancer is the third largest cause of cancer-related deaths among men and 
women in the United States [ 45 ].  Let-7  has been implicated as an oncogene in many 
human cancers.  Let-7  is a direct downstream target of the  RAS  gene family and a 
recent report by Chin et al. examines the connection between  Let-7  and  KRAS , a 
gene within the  RAS  superfamily [ 46 ]. LCS6 is a newly found SNP in the 3′ UTR 
of  KRAS , a target of  Let-7 . Expression of  KRAS , and a consequent lowering of 
expression of  Let-7 , was found to be signifi cantly associated with non-small-cell 
lung cancer [ 46 ]. Shortly after LCS6 was shown to be tied to lung cancer involving 
low-dose smokers, a reexamination of the data cast doubt on the association [ 12 ]. 
Though involvement of KRAS as a lung cancer oncogene and lowered  Let-7  
expression is not in doubt, the LCS6 SNP is not found to be involved with greater 
risk of lung cancer [ 12 ]. The second study, involving the same populations as the 
Chin et al. paper uses a slightly different analysis of the data and the authors discuss 
that the use of a smaller subset of cases coupled with a very low association of 
LCS6 with lung tumors may play a role in the most current study negating the for-
mer study [ 12 ]. 

 Other extremely important genes that require deeper investigation are those 
directly responsible for of miRNA processing. It cannot be ignored that any poly-
morphisms including SNPs within miRNA biosynthesis genes can have a direct 
effect on an individual’s cancer susceptibility. In a two stage study using a 
Sequenome mass spectrometry-based genotyping assay for stage 1, 11 miRNA were 
examined for lung cancer association [ 47 ]. The intronic  AGO1  rs636832A>G was 
found to be a good candidate for further study using a larger population for analysis 
in a case–control study investigating a Korean population with a little over both 500 
cancer patients and control healthy patients. Interestingly, individuals with at least 
one AA allele at rs636832 have a higher risk of lung cancer while those with an AG 
or GG alleles have a protective effect against lung cancer [ 47 ]. A possible link 
between cancer risk of smokers and nonsmokers was examined with regards to 
 AGO1  rs636832. The AA allele was found to be initially correlated to lung cancer 
prediction in heavy smokers, but in a multivariate logistic regression this correla-
tion was not found [ 47 ]. Further study on this  AGO1  SNP in larger case–control 
studies and in different ethnic groups is needed to elucidate its relationship with 
lung cancer.  

8.2.3     Hepatocellular Carcinoma 

 Hepatocellular carcinoma (HCC) is responsible for the majority of liver cancers 
[ 48 ] with the prevalence occurring in China [ 49 ]. Worldwide, HCC is the fi fth most 
widespread cancer and is responsible for a third of cancer deaths [ 50 ].  Mir-146a  
rs2910164 SNP GG genotype was coupled to hepatocellular carcinoma (HCC) in 
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males [ 48 ]. This is in contrast to another SNP change in the  miR-146a , a G>U pair 
to a C>U pair [ 31 ]. This case–control study used male and female unrelated Han 
Chinese participants, 479 HCC patients and 504 controls without occurrence of 
HCC [ 48 ]. Hepatitis B Virus (HBV) was found in a large cohort of the HCC patients 
(88.9 %), suggesting that HBV plays a role in cancer onset of HCC and may have 
some interaction with the  miR-146a  variant allele. Production of mature miR-146a 
was also studies by transiently transfecting 293T cells with either the GG or CC 
allele. The cells transfected with the GG allele produced more mature miR-146a. 
Also discovered was the ability of the GG allele to promote colony formation and 
proliferation in transfected NIH/3T3 cells [ 48 ]. 

 Two recent studies investigated origins of HCC and found that  miR-196a2 , cou-
pled with cirrhosis of the liver, has prognostic implications for HCC [ 51 ,  52 ]. Using 
a Han Chinese population, 310 HCC patients with cirrhosis and 222 individuals 
with cirrhosis but without HCC, were examined for an rs11614913  miR-196a2  
polymorphism in the fi rst study [ 51 ]. Patients with HCC and cirrhosis had a higher 
level of the rs11614913 CC genotype. Various stages of tumor tissue were collected 
from 59 HCC patients and the expression levels of  miR-196a  were examined. No 
signifi cant differences between rs11614913 phenotypes were seen among the dif-
ferent grades and stages of tumors, though a slight association with the T allele was 
shown with tumor progression [ 51 ]. Patients with a CC or CT genotype overall had 
a higher preponderance of HCC. Because  miR-196a2  has been previously shown to 
effect expression of mature  miR-196a  it was thought that levels of  miR-196a2  might 
increase levels of  miR-196a . Indeed  miR-196a  expression levels were increased in 
patients with a CC or CT genotype in  miR-196a2  suggesting these miRNA poly-
morphisms play a role in HCC onset in patients also displaying cirrhosis [ 51 ]. In the 
second study 560 patients examined had HCC and 391 individuals without HCC 
were used as the control population [ 52 ]. As in the previous study males with  miR- 
196a2   rs11614913 CC genotype had higher levels of HCC diagnosis. This case–
control study also examined miR-196a2 expression in different tumor stages and 
concluded that the miR-196a2 rs11614913 C allele was indicative of patients with 
certain types of tumors but not in patients with large tumor, advanced-stage tumor 
or lymphatic metastasis, thus suggesting that differential gene regulation is playing 
a role in HCC stages [ 52 ].  

8.2.4     Other Cancers 

 Other miR-SNPs, through case–control studies, have been found to amplify or 
diminish risk of other cancers. For instance, cervical cancer is the second most glob-
ally reported cancer for which Human Papilloma Virus (HPV) is responsible [ 53 ]. 
Han Chinese women were used in a case–control study recently and a miR-SNP 
was examined in the  LAMB3  pathway [ 54 ]. HPV through genes  E6  and  E7  blocks 
the expression of  miR-218 .  LAMB3  expresses laminin-5 and this protein is greatly 
reduced in the absence of  miR-218 . The lack of laminin-5 then further stimulates the 
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HPV. The study yielded an interesting result; SNP rs11134527 within  pri-miR-218  
has a variant linked to increased cervical cancer [ 54 ]. It is even postulated that the 
variant may play a role in increased risk of HPV infection.  LAMB3  was shown to be 
a direct target of  miR-218  through this work. The study could, by the author’s 
admission, be expanded as the numbers involved in the case study were rather low 
and the controls were women who has self-reported to have no cancers, but may 
have been harboring other unknown cancers [ 54 ]. 

 A non-synonymous substitution in  GEMIN3  has been coupled with increased 
bladder cancer risk [ 55 ]. This mutation is somewhat similar to the  AGO1  SNP as 
there is an increased risk of lung cancer, which examines a miRNA biosynthesis 
gene’s relationship with cancer [ 47 ].  GEMIN3  codes for a core protein of a larger 
complex that plays a role in pre-miRNA splicing; [ 56 ] the protein is also in a 15S 
ribonucleoprotein complex containing eIF2C, another protein that is of great conse-
quence with regard to miRNA processing [ 57 ]. The population was a large and 
homogenous, composed of Caucasian patients diagnosed with bladder cancer and a 
control group [ 55 ]. This analysis once again points to the importance of further 
study of miRNA processing genes that may alter expression of a myriad of miRNAs 
potentially involved in tumorigenesis. 

 Also targeting MiR-SNPs for targeted exploration of linkage in an effort to aid in 
identifi cation, early-stage head and neck cancer patients with high and low risk sec-
ondary primary tumor (STP) and high- and low-risk cancer reoccurrence [ 58 ]. The 
population contained only 150 patients and 300 controls matched by age, gender and 
ethnicity [ 58 ]. Though 18 miR-SNPs were found to be associated with STP and/or 
reoccurrence, one miR-SNP in particular, rs3747238, is located in a miRNA binding 
site within  SMC1B  [ 58 ]. The 18 miR-SNPs were examined and found to be tied to 
STP/reoccurrence in a dose dependent fashion [ 58 ]. Almost half of the SNPs were 
located in  RNASEN  ( DROSHA ) [ 58 ]. Though mutations in the  RNASEN  are likely to 
equally affect the processing of all pri-mRNA equally, it is postulated that since 
miRNAs are expressed differentially in tissue the  RNASEN  would then differentially 
affect tumorigenesis [ 58 ].  SMC1B  is suggested to play a role in chromosome struc-
ture during meiosis and mitosis [ 59 ]. Polymorphism in microRNA Target Site 
(PolymiRTS) is a database of DNA changes in presumed microRNA target sites [ 60 ]. 
PolymiRTS found that a SNP within  SMCB1  is likely to create miRNA binding sites 
for  miR-609  and  miR-124a  [ 59 ]. This SNP is thought to lower expression of  SMC1B  
leading to increased carcinogenic potential via further genome volatility [ 59 ]. 

 Responsible for a third of deaths among genitourinary malignant cancers, renal 
cell carcinoma (RCC) causes 40 % mortality among these patients [ 61 ]. Though 
surgery is still the best therapy for RCC, reoccurrence will arise in 20–40 % of 
patients [ 62 ]. Because this cancer has such a high rate of mortality it is imperative 
that biological markers predictive of clinical outcome, including miR-SNPs be 
recorded. Seven miR-SNPs were found linked with cancer survival; however, fi ve 
miR-SNPs were associated with an additional RCC episode [ 63 ]. GEMIN4, a pro-
tein functionally coupled with GEMIN3, has two SNPs, rs7813T>C and rs91025G>C 
associated with almost 1.75 % risk of mortality [ 63 ,  64 ]. SNP rs3744741C>T was 
found concomitant with decreased risk of mortality [ 63 ].  MiR-146a ,  miR-196a-2 , 
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 miR-423 ,  miR-608 , and  miR-601  are also concomitant with RCC recurrence [ 63 ]. 
All of the SNPs found in the miRNAs are located in the pre-miRNA form [ 63 ]. 

 There is a scenario in which the heterozygosity of the SNP within a miRNA area 
can lead to greater likelihood of disease. SNP rs2910164 located in the 3′ strand of 
 miR-146a  can lead to an increased risk of papillary thyroid carcinoma especially 
when present as a heterozygote [ 65 ]. It is suggested that the heterozygosity some-
how leads to a gestalt phenomena wherein the sum of the parts is less than equal to 
the whole via an epistatic effect between the two alleles [ 65 ]. The same group then 
showed that the SNP produces three miRNAs unlike the normal two produced in 
homozygous affected individuals. Unlike the phenotype normally seen with hetero-
zygous individuals, two of the mature miRNAs are produced from the 3′ end of 
 miR-146a  and a third is produced from the leading strand [ 66 ]. These three mature 
miRNAs have the ability to bind various mRNAs thus interrupting the normal  miR- 
146a   interaction with a predicted variety of mRNAs. It is thought that DNA-damage 
response pathways acting on cell death signals are invoked within the SNP hetero-
zygote [ 66 ]. This group demonstrates the genetic complexity of miRNA interac-
tions with target site, and the importance of somatic mutation with regards to an 
oncogenic phenotype [ 66 ]. 

 As related with BC risk and HCC,  miR-146a  rs2910164 is found once again to 
be associated with a distinct cancer, this time esophageal squamous cell carcinoma 
(ESCC) within a case–control study among the Chinese Han [ 67 ]. In this case the 
GG genotype was attached to the ESCC state [ 67 ] rather than a change from the 
G>U pair to a C>U [ 31 ]. 

 Like HCC patients, a North Indian population was shown to have a signifi cant 
risk of developing prostate cancer with a polymorphism in  miR-196a2  (rs11614913) 
[ 68 ]. In this candidate gene study,  miR-499  (rs3746444) also demonstrated signifi -
cant association with prostate cancer in this case-controlled study, which examined 
159 prostate cancer patients and 230 controls [ 68 ]. In this case the heterozygote 
allele CT in  miR-196a  was associated with disease outcome and interestingly a 
heterozygote CT genotype in  miR-499  also showed linkage to prostate cancer.  MiR- 
196a   and  miR-499  may work in concert to produce infl uence the onset of prostate 
cancer and my serve as prognostic and diagnostic indicators [ 68 ].   

8.3     MiRNAs: Clinical Outcome Predictors? 

 Discussed above are some of the miRNA binding sites and miRNA SNPs that puta-
tively affect the outcome of BC. In silico scenarios suggest that  miR-453  binds more 
strongly to an  ESR1  SNP and may thus effectively lower the amount of estrogen 
produced [ 37 ]. Interestingly the majority of BCs do express estrogen receptors, 
though the cancers that do not are more diffi cult to treat [ 69 ,  70 ]. The facts that these 
estrogen receptor positive cancers, though more easily treated with certain drugs, do 
become easily resistant. It is suggested that hormone replacement therapy would be 

Y. Li and P. Jin



157

a valuable variable to study in addition to familial cancer patients and sudden onset 
patients [ 37 ]. It would be invaluable to know if those patients with the ESR1 SNP 
allowing more dynamic binding of miR-453 would positively respond to endocrine 
treatment, thus leading to an individualized plan of treatment [ 37 ]. The Kontorovich 
et al. study addresses their shortcomings [ 42 ]. More affected and unaffected indi-
viduals need to be included in the study, especially in light of the preliminary 
 BRCA2  data suggesting that this particular population contains a mutant SNP pos-
sibly affecting regulatory actions leading to BC [ 42 ]. Again, with more case–control 
studies focusing on larger and more diverse populations (this initial study only 
focused on an Ashkenazi population displaying little heterozygosity at the SNP 
mutation sites), the possibility arises that personal treatment plans could be designed 
for patients [ 42 ]. Yet another study involves integrins which dictate cell adhesion to 
the extracellular matrix [ 71 ]. In a large case–control study 746 Swedish patients 
with current or former instances of BC were examined along with 1,493 individuals 
without BC as controls. Probable target sites of miRNA SNPs were examined in 
integrin genes and a strong association between the ITGB4 rs743554 A allele and 
aggressive tumor formation was discovered [ 71 ]. This allele could be a strong pre-
dictive indicator of BC risk. 

 It has also been shown that several cancer cell lines will alter protein expression 
based on differential regulation of miR-638 and miR-628-5p and was concluded 
that small differences in protein expression caused by the interaction of certain reg-
ulatory genes SNPs and miRNA will infl uence the onset of certain cancers [ 16 ]. In 
one case–control study miR-21 was discovered to be involved with lung cancer and 
proved a chemotherapy response marker [ 46 ]. MiRNA related SNPs have also been 
associated with colon cancer in patients treated with 5-fl urouracil and irinotecan 
[ 72 ]. These SNPs were associated with various genes, including rs1834306, within 
pri-miR-100 and rs7372209 also located in a pri-miRNA, pri-miR-26a [ 72 ]. 
Investigation of SNPs directly involved with deleterious effects of cancer drugs 
would greatly facilitate basic research studies for cancer. Further studies involving 
GWAS and large case–control studies could certainly go a long way to advancing 
these research studies into something that could be used to tailor-make a treatment 
plan for cancer. 

 A signifi cant movement advocates personalized medicine [ 73 ,  74 ]. This group 
feels that much can be done to assist individuals with a particular SNP (or greater 
than one SNP) that may leave them more likely for cancer onset. Foremost amongst 
this concern is the large number of adverse drug reactions among cancer patients. 
Dihydrofolate reductase (DHFR), when overexpressed, leads to methotrexate resis-
tance, a drug primarily used to treat cancer but is also used to treat such conditions 
as psoriatic arthritis [ 75 ]. SNP 892C>T mutation near the 3′ UTR of DHFR hinders 
 miR-24  from binding its target site located within the 3′ UTR. This causes upregula-
tion of DHFR along with its consequent drug resistance leads to recurrence or even 
inability to fi ght cancer. Acknowledging that much more can be done to identify and 
validate particular miR-SNPs and their association to a diseased state a recent paper 
points to the new laws enacted by the United States to both encourage parents of 
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individuals or adult individuals to have their genome sequenced in its entirety [ 76 , 
 77 ]. By having a trove of genetic information some sense may be made of miR- 
polymorphisms and how to effectively diagnose and treat individuals  possessing 
known SNPs showing incomplete penetrance within a population or limited expres-
sivity within an individual. 

 Excitingly, a new study shows that miR-SNPs have been associated with prostate 
cancer in men can be used to effectively predict how effective of androgen- 
deprivation therapy (ADT) [ 78 ]. Fifteen total SNPs spread between three prognoses 
(disease progression, prostate cancer-specifi c mortality and all-cause mortality) 
were found [ 78 ]. These SNPs were found within miRNAs and miRNA binding 
sites. Combinatorial analysis between SNPs show that during ADT, patients having 
a larger number of adverse genotypes have a more rapid time to progression and 
poorer prostate cancer-specifi c survival rates [ 78 ]. In effect miR-SNPs could act as 
prognostic markers in patients.  

8.4     Limitations of miR-SNP Studies 

 MiR-SNP studies with regards to disease relationship have at least two major cave-
ats, the population size used in the study and the diversity of that population. There 
are also confl icting reports about miR-SNPs and their ability to affect cancer out-
come [ 79 ,  80 ]. A recent report on colorectal cancer (CRC) in Han Chinese using 
126 CRC patients and 407 healthy individuals showed that a  miR-196a2  polymor-
phism (rs11614913 T>C) is not associated with CRC. This is in direct confl ict with 
non-epidemiological studies demonstrating that the polymorphism could be 
involved with CRC onset [ 81 – 83 ]. Therefore mir-196a2 would not be indicative of 
a CRC condition. The gene  bcl-2 , its overexpression regulated by  miR-16 +7 , has 
been indicated as tumor suppressor with regards to chronic lymphocytic leukemia 
(CLL) [ 84 ]. A recent study using 39 CLL patient demonstrated that  miR-16 +7  
would be a poor diagnostic marker of CLL [ 22 ]. 

 It should be noted however that these case–control studies did not incorporate 
GWA studies. GWAS is a more useful tool than traditional methods involving link-
age studies and candidate gene analysis [ 85 ]. Because many cancers have polygenic 
origins it is important that many loci are examined. GWAS has the statistical power 
to perform this task in an unbiased way [ 11 ,  85 ]. GWAS has its own limitations 
however in that the data set produced by many studies is large and complex, leading 
to confusion about which SNPs may be relevant to disease [ 86 ,  87 ]. GWAS SNP 
analysis also requires validation in unrelated populaces. To assist in data analysis 
tools have been constructed that will closely examine the amount of linkage dis-
equilibrium between SNPs. These tools are useful in analyzing miR-SNP data as 
some studies do not incorporate GWAS, but instead concentrate solely on linkage 
data and candidate gene analysis [ 86 ].  
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8.5     Conclusions 

 Mir-SNPs have already been shown on a molecular level to be associated with a 
plethora of cancers. It is imperative not only to have insight into which cancers in 
general have differentiating levels of miR-SNPs, but also to have an understanding 
of which miR-SNPs would best predict cancer onset and outcome. MiR-SNPs used 
within GWA studies with a large case–control group refl ective of true population 
heterogeneity may ultimately prove successful in predicting cancer risks [ 10 ,  11 ,  88 ]. 

 Interestingly,  miR-146a  has been shown to be involved in a large range of can-
cers including BC, OC, papillary thyroid carcinoma, renal cell carcinoma and 
ESCC. Much work has been done on BC. MiRNA mutation as well as mRNA with 
modifi ed miRNA binding sites is likely to be useful in disease prognosis. A critical 
point is that heterozygosity of miRNA-SNPs can have an epistatic effect on gene 
expression. Also crucial, not only do cancers originate from SNPs located on 
miRNA binding sites of genes directly associated with cancer and SNPs within the 
miRNAs themselves, cancers are also associated with SNPs within the miRNA 
machinery genes themselves. Some cancers show a relationship between miRNA 
binding sites in genes such as  GEMIN3  and  RNASEN  in bladder cancer and early- 
stage head and neck cancer respectively. 

 Genetic differentiation among cancers across populations is only starting to be 
extensively documented. As just one example, renal cell carcinoma would greatly 
benefi t from miR-SNP markers to trace patients likely to need advanced forms of 
therapy to avoid remission after initial treatment [ 63 ]. One cautionary note to build-
ing large databases with miR-SNP data from many populations would be mainte-
nance of privacy to the donors. MiR-SNPs will prove a notable trove of data and 
most likely be very effective as a clinical outcome predictor.     
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Abstract  The introduction of Next-Generation Sequencing (NGS) technologies 
has opened new avenues, including determination of the relationship of genomic 
and epigenomic variation and phenotypes to disease. These technologies are par-
ticularly well suited for discovery of both small RNAs, around 30–75 base pairs 
long, and long RNAs, longer than 75 base pairs, because the NGS sequencers can 
produce millions of short reads in a relatively rapid period of time. However, the 
large amounts (terabases) of data generated require proper computational resources 
and analytical methods to translate the rich source of genomic data into meaningful 
information for biomedical applications. In this chapter, we describe various bioin-
formatics methods for performing integrative analysis for the identification of miR-
NAs and their target mRNAs from the NGS sequencers. We describe the most 
commonly used databases and prediction programs that are available on the World 
Wide Web and demonstrate the use of some of these programs by an example. We 
provide a list of these programs along with their Web URLs and suggest guidelines 
for successful application.

Keywords  Next-generation sequencing • miRNA • ncRNAs • Target sites  
• Computational prediction • Databases
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9.1  �Introduction

RNA interference (RNAi) is an evolutionary conserved gene silencing pathway by 
which double-stranded RNA (dsRNA) induces highly specific gene silencing [1]. 
RNAi is mechanistically related to a number of other conserved RNA silencing 
pathways, which are involved in the cellular control of gene expression and in 
protection of the genome against mobile repetitive DNA sequences, retroelements 
and transposons. These RNA silencing pathways are all associated with small non-
coding RNAs (ncRNAs) that guides protein-complex for mostly repressing homol-
ogous sequence [2, 3]. Several classes of small ncRNAs have been discovered, 
such as small interfering RNAs (siRNA), micro RNAs (miRNAs), and Piwi-
interacting RNAs (piRNAs). Small ncRNAs are of size 20–31 nucleotides and are 
divided into different classes based on their biogenesis mechanism and their asso-
ciation with different types of Argonaute (Ago) proteins [4–7]. The discovery of 
small ncRNAs has revolutionized the field of gene regulation and particularly the 
miRNAs have emerged as key regulators at both transcriptional and posttranscrip-
tional levels. Although in many cases the target of small RNAs and their mecha-
nism is still not clear, it is certain that many of these small RNAs play important 
role in several biological processes including development timing, cell differentia-
tion, cell proliferation, cell death, metabolic control, transposon silencing, and 
antiviral defense [8, 9].

The best understood among the three small RNA classes is miRNA. MiRNAs 
are single-stranded which are generated from local hairpin structures by the action 
of two Rnase III-type proteins, Drosha and Dicer [10–14]. Mature miRNAs are 
20–24-nucleotide (nt) long and highly conserved during evolution [15, 16]. Mature 
miRNAs and Argonaute (Ago) proteins form the RNA-induced silencing complex 
(RISC), a ribonucleoprotein complex mediating posttranscriptional gene silencing. 
The miRNA was first discovered in Caenorhabditis elegans by Victor Ambros and 
his colleagues in 1993 [17]. Till date several miRNAs have been discovered in both 
animals and plants. They play important roles in several biological processes 
including development, differentiation and proliferation of cells, angiogenesis, 
apoptosis, stress adaptation, and hormone signaling [14, 16, 18–20]. Many studies 
have shown that miRNAs are also involved in wide range of diseases, including 
multiple cancers [21–27]. Utilizing the miRNAs as cancer biomarkers is recog-
nized as a valuable diagnostic strategy, because aberrant expression levels of miR-
NAs are found in tissues and in sera from patients with different types/stages of 
cancers [27–29].

Discovery of miRNA sequences and their genomic coordinates using in silico-
based approaches is a very challenging and complicated task. Various computa-
tional and experimental approaches have been developed to predict miRNA in 
several organisms. The introduction of recent massive parallel sequencing or next-
generation sequencing (NGS) technologies, such as Applied Biosystems’ SOLiD3, 
Genome Analyzer or HiSeq from Illumina, has revolutionized the field of small 
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ncRNAs [30]. These technologies produces several millions of DNA short reads 
(36–250 bp, depending on platform) in a single run and are perfect for genome-wide 
study of small ncRNAs. Several programs and pipelines have been developed to 
analyze NGS datasets extensively [31–36]. In addition to identification of miRNA 
sequences, prediction of miRNA targets has also been an active area of research 
[37–44]. Bioinformatics analysis has indicted that approximately one-third of all 
human protein-coding genes are targeted by miRNAs [45]. The small RNA-Seq 
technology is also allowing researchers to identify RNA editing sites in miRNAs 
[46–48]. The major focus of this chapter is to introduce different bioinformatics 
techniques and programs that identify miRNAs, miRNA–mRNA interaction sites, 
and miRNA editing position.

9.2  �MiRNA Prediction

The first miRNA, lin-4, was discovered by forward genetic experiments in worm in 
1993 [17]. After 7 years another miRNA, let-7, was discovered in worms using 
forward genetic experiments [49]. This approach for miRNA discovery is very time 
consuming and expensive. Later on cloning based methods was introduced [50] that 
led to discovery of several miRNAs in different organisms [51–56]. However, this 
approach has limitations as it cannot identify low expressed or condition specific or 
tissue specific miRNAs. In the last one decade, several computational techniques 
have been developed to predict miRNA. But the computational approaches when 
used alone can produce too many false positive preditions. The recent advent of 
next-generation sequencing (NGS) technologies has transformed the field of 
miRNA discovery. Using these massive parallel techniques, one can not only iden-
tify miRNAs but can also measure miRNA expression at unprecedented sensitivity 
[57–60]. The NGS approach is a hybrid technique because it requires both experi-
mental and computational expertise to study miRNAs. Millions of sequence reads 
generated by NGS sequencer need a systematic and robust approach for analysis 
that can help researchers to study the existing miRNAs and also discover novel 
miRNAs. Here, we review the computational and NGS analysis programs. In addi-
tion, we describe general steps followed to analyze NGS small RNA data (small 
RNA-Seq).

9.2.1  �Computational Appoarches

9.2.1.1  �MiRscan

MiRscan first scans the conserved region of the genome to identify hairpin 
structures [61]. The hairpin structure is predicted using RNAfold program [62]. 
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The predicted structures with at least 25 base-paired stem-loop structures and 
folding energy ≤−25 kcal/mol are retained for further processing. MiRscan identi-
fied 36,000 hairpins in C. elegans that satisfied hairpin and conservation criterias. 
The hairpins were then compared with a training set that was generated from known 
miRNAs. MiRscan used several features including strict conservation in the 5′ half 
of pre-miRNA, sequence bases in the first five bases, base pairing in fold-back and 
non fold-back regions, preference of symmetric internal loops and buldges in the 
pre-miRNA region and others to predict pre-miRNAs. MiRscan predicted 50 of 
the 53 miRNAs previously known in C. elegans [61].

9.2.1.2  �miRseeker

Lai et al. [63] proposed miRseeker program to predict pre-miRNA from conserved 
intronic and intergenic regions of the genome. Each conserved region was divided 
into 100 base sequences that were folded using mfold algorithm in both forward and 
reverse complement direction. Each candidate pre-miRNA structure with length of 
longest helical arm (≥23 bases) and free energy of isolated arm ≤−23.0 kcal/mol 
was further evaluated. The continuous helical pairing was positively scored whereas 
the internal loops, asymmetric loops and bulged were negatively scored. miRseeker 
identified 18 out of 24 previously known miRNAs in Drosophila genome. In total, 
48 novel miRNAs were identified and expression of 20 miRNAs was validated 
using northern analysis.

9.2.1.3  �RNAmicro

RNAmicro [64] first computes consensus structure from consensus sequence of 
multiple-sequence alignment using RNAfold algorithm [62]. In the second step it 
calculates descriptors which includes stem and hairpin loop regions length, G + C 
content, average folding energy, consensus structure energy, sequence conservation. 
In the last step a support vector machine classification model is constructed using 
libsvm package.

9.2.1.4  �miRRim

Goroi et al. [65] proposed hidden markov model (HMM) based approach to predict 
pre-miRNA sequence. A five dimension vector is generated using evolutionary and 
secondary structural features of miRNA and surrounding regions. The first dimen-
sion is the conservation score calculated using phylo-HMM [66], a multiple 
sequence alignment tool. The second dimension represents statistical significance of 
the potential minimum free energy (MFE) with respect to both sequence length and 
base composition. The remaining vectors are based on base-pairing probability.
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9.2.1.5  �Phylogenetic Shadowing

Berezikov et al. [67] studied 122 miRNAs in ten primate species. They found that 
while the stem region of the folder miRNA is extremly conserved, the loop region 
has high variations. The classical phylogenetic footprinting approach has several 
disadvatages expecially when looking at short sequences and increasing phyloge-
netic distance. In [67], authors proposed phylogenetic shadowing approach to 
accurately identify conserved regions at single nucleotide resolution level [68]. 
Phylogenetic shadowing approach is based on the alignment of phylogenetically 
closely related species.

9.2.2  �Next-Generation Sequencing Approach

The initial step in NGS is to isolate RNAs of specific size from the sample that can 
be used to create library by attaching specific adapters on the ends of the molecules. 
With the availability of improved kits and protocols the sequencing and library cre-
ation has become a routine task. But the final analysis of millions of short sequenced 
RNAs which are obtained after sequencing has become the major bottleneck. The 
large amount of data generated by next-generation sequencer requires new set of 
tools for translating the huge data into useful and meaningful information. The main 
steps in small RNA-Seq analysis are as follows:

	1.	 Preprocessing
	2.	 Alignment
	3.	 Annotation
	4.	 Expression estimation
	5.	 Novel miRNA prediction

	1.	 Preprocessing—This step is an essential step to improve the quality of the 
data for final analysis. First the low quality of reads is removed from the 
sample. Typically reads with error rate >0.01 are removed from further analy-
sis. Then the adapter sequences, which are added prior to actual sequencing 
step, should be properly removed from the reads before aligning them to the 
reference genome. If the adapter sequences are not removed correctly then it 
can either result in drop of alignment percentage and/or could increase incor-
rect alignment. The adapter sequences are provided by the user and depend 
on the protocol used for sequencing. The average error rate and frequency of 
individual nucleotides for each cycle need to be checked. The distribution of 
average error rate at each position shows if the quality of each nucleotide 
degrades towards end of the sequencing cycle. If so, before removing the 
adapter sequences from raw reads, the user (choosing a cutoff by user) should 
neglect the last few nucleotides in order to minimize the error due to last low 
quality nucleotides. Some of the programs remove trimmed reads matching 

9  Bioinformatics Approaches to the Study of MicroRNAs



170

rRNAs, tRNA, and other noncoding RNAs from further analysis. These 
RNAs are assumed to be present in the sample due of degradation.

	2.	 Alignment—Alignment of reads to the reference miRNA and genome is a 
very important step for accurate analysis of the data. Due to short reads and 
presence of error in sequencing step alignment of read to correct place is a 
challenging task. Recently several programs have been developed to align 
short reads from NGS sequencers along with quality of nucleotides assigned 
by the sequencers [69]. For example, Bowtie (http://bowtie.cbcb.umd.edu), 
an open-source program ultrafast, memory-efficient alignment program can 
be used for aligning short DNA sequence reads to large genomes [70]. Bowtie 
extends previous Burrows–Wheeler techniques with a novel quality-aware 
backtracking algorithm that permits mismatches. Bowtie provides an option 
to use multiple processor cores simultaneously to achieve amazingly greater 
alignment speeds. This program also provides several useful options such as 
maximum read length, number of mismatches for alignment, number of 
multiple-mapping, and many others for alignment.

For the alignment of reads an index file of the reference miRNA and 
genome is necessary for majority of the short read aligners. The reference 
miRNA and genome sequences are downloaded miRBase and NCBI respec-
tively. miRBase maintains a set of high quality pre-miRNA and mature 
miRNA sequences which includes some the latest discovered miRNAs. The 
trimmed and filtered reads are first aligned to known reference pre-miRNA 
sequences. The unaligned reads are then mapped to the reference genome. 
For alignment total multiple mapping and maximum mistmatches are need to 
be allowed need to be decided by the user.

Quality assessment is a necessary step after alignment of reads. This step 
is very important to keep a further check on the quality of sequence reads that 
would be used in the downstream analysis. Two different correlation tests 
need to be performed: (a) alignment mismatches and position of mismatch in 
the sequence read (b) alignment mismatch and quality of nucleotide provided 
by the sequencers. Performing this quality assessment is necessary because 
there have been reports that quality of bases decreases towards end and there 
exits some biasing while making base calls in sequencing step [71].

After removing adapter sequences and quality assessment we can evaluate 
the lengths distribution of mapped sequence reads. If the length distribution 
pattern of the mapped sequences follows tri-modal distribution then it implies 
that there exist three classes of small RNAs, 18–20 nucleotides (siRNAs), 
20–24 nucleotides (miRNA), and ≥25 nucleotides (piRNAs).

	3.	 Annotation—Characterization of aligned reads into different categories is an 
important step for analysis of small RNA sequences. Annotation categories 
are assigned to the reads depending on the annotation of corresponding 
genomic co-ordinates present in different databases (Table 9.1). The reads are 
annotated with known genes, noncoding RNAs, and repeats.
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The annotation is performed in the following order: miRNAs, noncoding 
RNAs, repeats, known genes. If the reads do not belong to any of these three 
categories then it can be assigned to “no annotation” category. The reads 
which are mapped to multiple locations of the reference genome are put into 
one of the above discussed categories (i.e., noncoding RNAs, repeat, known 
gene, and no annotation) if all the genomic locations have same annotation 
and all mapping position are taken as possible read location. However, if at 
least one of the locations is annotated as different from others then the reads 
are kept in separate category named as “multi-annotation category.” The rea-
son for doing this is to avoid any error that could arise if it was randomly 
assigned to one of the mapped locations. Further, separate analysis can be 
performed on the multi-annotation category class. The annotations of differ-
ent categories of ncRNAs can be downloaded from public databases 
(Table 9.1).

	4.	 Expression estimation—One of the objectives of small RNA-Seq experiment 
is to measure the expression of miRNAs in the sample and perform differen-
tial expression analysis. The miRNA expression is quantfied in terms of RPM 
(Reads Per Million) value, which is normalized against total reads in the 
sample. RPM value is defined as follow

	
RPM

of reads mapping precursor or mature miRNA

Total reads
=

#      

  iin the sample  
×106

	

Table 9.1  List of annotation types and their sources

Annotation type Resource

miRNAs miRBase—ftp://mirbase.org/pub/mirbase/CURRENT/
Other noncoding RNAs  

(rRNA, tRNA, snoRNA, 
srpRNA, scRNA)

NCBI—www.ncbi.nlm.nih.gov
GtRNAdb—http://gtrnadb.ucsc.edu/
snoRNABase—http://www-snorna.biotoul.fr/
UCSC—http://genome.ucsc.edu/
Ensembl—www.ensembl.org/
Rfam—http://rfam.sanger.ac.uk/

Repeats (LINE, SINE, LTR, 
DNA, simple repeat,  
satellite, and others)

Repeat masker track from UCSC

Known genes UCSC—http://genome.ucsc.edu/
Ensembl—www.ensembl.org/
Mouse Genome Informatics (http://www.informatics.jax.org/)

Pseudo genes Vega genome browser (http://vega.sanger.ac.uk)
Pseudofam (http://pseudofam.pseudogene.org)

piRNAs piRNA Bank (http://pirnabank.ibab.ac.in/) and literature
siRNAs Published literature
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It is a direct measure for the amount of mature miRNA in the sample. 
However, the miRNA expression for next-generation sequencing data is 
highly dependent on RNA extraction and library preparation [72]. Issues such 
as reads with errors, multiple mapped reads, low read count and read length 
should be taken care for expression calculation. The substitution errors was a 
big concern initially but with advancement in quality of reads by next-gener-
ation sequencer, the number of error occurred during sequencing is very small 
now. Multiple mapping of reads is a big concern because a large fraction of 
total reads are mapped to more than one precursor miRNA. This happens 
because of high similarity between miRNA species. So filtering out multiple 
mapped reads will affect the gene expression anlysis of miRNAs. Another 
challenge faced by the researcher is filtering out miRNAs with low read 
count. Usually, the threshold is selected arbitrarily for filtering. However, 
some of the latest studies have used statistical approach to remove low 
expressed miRNAs. For identifying differentially expressed miRNAs various 
programs have proposed statistical approaches including fold-change, chi-
square test, t-test, ANOVA, negative bionomial. The available tools that can 
perform differential expression analysis are mirExpress, SeqBuster, mirTools, 
miRNAKey.

	5.	 Novel miRNA prediction—One of the main adavantages of performing small 
RNA-Seq experiments is the discovery of novel miRNAs. The next-generation 
sequencing approach has led to discovery to many new miRNAs in various 
species. In the last few years many programs have been developed that can 
predict novel miRNAs from small RNA-Seq data. These programs are based 
on the current knowledge on biogenesis of miRNAs in the cell, secondary 
structure and folding energy and sequence conservation. Some of the pro-
grams that can discover novel miRNAs are mirDeep, mirTools, mirAnalyzer, 
UEA sRNA Tookit.

Some of the tools developed in past few years for analysis of small RNA-Seq 
datasets are briefly described below.

9.2.2.1  �miRDeep

The miRDeep program can discover both known and novel miRNAs present in small 
RNA-Seq sample [31, 73]. miRDeep uses Bayesian framework of miRNA biogene-
sis to score the aligned reads for miRNA prediction. It can identify both canonical 
and noncanonical miRNAs especially generated from transposable elements and 
detected in many samples. miRDeep includes several scripts that can preprocess the 
input data, perform alignment and a core algorithm to predict miRNAs.

The miRDeep analysis pipeline is divided into three different modules: mapper 
module, qualifier module, and miRDeep2 module. The mapping module process the 
fastq input file and align it to the reference genome. The qualifier module counts 
total reads falling in the known miRNA precursor. The miRDeep2 module is the 
core of the pipeline, which predicts known and novel miRNAs in the input sample. 

R. Gupta and R.V. Davuluri



173

First, it formats the input files to the module. Second, it identifies the potential 
miRNA precursor region of the genome based on the read mapping and stacking. 
Third, using Bowtie program the reads are aligned to the candidate miRNA precur-
sor sequences. Fourth, the RNAfold program is applied to candidate miRNA precur-
sor regions to check if it forms a miRNA hairpin like structure. The miRDeep2 core 
algorithm scores the precursor if it forms hairpin structure and if the reads falling on 
the hairpin structure satisfy the Dicer processing. The output of miRDeep typically 
consists of a list of mature miRNAs, known and novel miRNA precursors along 
with score and the estimates for the number of false positives.

9.2.2.2  �SeqBuster

SeqBuster is a Web-based application for analysis of small RNA-Seq datasets [32]. 
It first trims the adapter sequences from high-throughput data. Second, it aligns the 
trimmed data to the reference precursor and mature miRNA reference sequences. 
Third, the sequences are aligned to the reference mRNA and genome sequences. 
A unique feature of SeqBuster is the characterization of miRNA variants, known as 
IsomiRs. SeqBuster identified several type of IsomiRs in human stem cells datasets 
[32]. Recently, several studies have shown functional role for IsomiRs [74–78]. 
Differential expression analysis module of SeqBuster use several statistical tests to 
identifiy differentially expressed genes. The functional analysis module of SeqBuster 
provides a list of statistically significant pathways targeted by the expressed miR-
NAs and IsomiRs. The pathway enrichement analysis is performed using ingenuity 
pathway analysis.

9.2.2.3  �mirTools

mirTools performs extensive analysis of small RNA-Seq dataset. It performs low-
quality read filtering, adapter trimming, alignment to reference genome, annotation, 
miRNA expression estimation, predicts novel miRNAs and identifies differentially 
expressed miRNAs [34]. The reads are aligned to the reference genome using SOAP 
program [79]. The reads are also aligned to miRBase [80], Rfam [81], repeat data-
base generated by RepeatMasker [82] and protein-coding genes of the reference 
organism. A hierarchy based approach is then followed to assign read to a specific 
class. The differential expressed miRNAs are identified using Bayesian approach. 
The reads that do not fall in the known RNA catergory are used for identification of 
novel miRNAs. mirTools uses the miRDeep program to identify novel miRNAs.

9.2.2.4  �miRanalyzer

miRanalyzer is a Web-based tool for the identification of known and novel miRNAs 
from small RNA-Seq samples. The reads are first aligned to the reference precursor 
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miRNA sequences to identify known expressed miRNAs. The remaining reads are 
aligned to mRNAs, noncoding RNA (Rfam), and retrotransposons [81]. miRana-
lyzer implements random forest based machine learning approach to predict novel 
miRNAs. Prediction model for novel miRNA identification is built using human, rat 
and C. elegans known miRNAs. Annotation-Modules program [83] is used to 
identify significant pathway targeted by the miRNA present in the sample.

9.2.2.5  �miRNAKey

miRNAKey is a program that can be installed locally for analysis of small RNA-seq 
data [36]. The program performs the following analysis: adapter removal, alignment 
to known precursor miRNA, miRNA expression quantification, and differential 
expression. It implements SEQ-RM algorithm [84] for optimizing the multiple-
mapped reads and is a unique feature of miRNAKey. Differential miRNA expres-
sion is calculated using chi-squared statistics. The p-values obtained are corrected 
using the Bonferroni correction for multiple hypothesis testing.

9.2.2.6  �UEA sRNA Tookit

This toolkit consists a collection of programs for analyzing plants and animals small 
RNA-Seq data [85]. The programs included in the toolkit are preprocessing, filter-
ing, miRProf, miRCAT, FiRePat, SiLoCo, SiLoMa, RNAfold annotation. The pre-
processing module removes the adapter sequences from the sequences. A filtering 
process is implemented to select trimmed sequences within user defined length. For 
example, the mature miRNA sequences are of length ≥18 and ≤25 bases. The miR-
CAT program is used to identify known miRNAs in the sample. It first aligns the 
read to the reference genome. Then it looks at alignment distribution patterns and 
secondary structure of genomic regions corresponding to small RNA hits to predict 
miRNAs. The miRProf program generates expression profiles of the miRNAs in the 
sample. The FiRePat looks for patterns in the small RNA-Seq and gene expression 
level from microarray. SiLoMa program maps the reads in the sample to the refer-
ence genome and generates a graphical map of alignment.

9.3  �MiRNA Target Prediction

Several computational approaches have been developed for miRNA target predic-
tion to come up with a manageable number of predicted target sites for experimental 
follow-up (see review [86] for experimental strategies for microRNA target identi-
fication). Different computational approaches to model the miRNA–mRNA target 
sites have led to several miRNA target prediction methods (Table 9.2). Although 
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there are several programs for target prediction, the following features are in general 
used for predicting miRNA targets.

	1.	 Sequence complementarity—The presence of complementary miRNA seed 
sequence in the target sequence is the most important feature for target predic-
tion. The nucleotides 2–7 from 5′ of the miRNA are defined as the “seed region” 
of miRNA. Most of the programs prefer only Watson–Crick pairing in the seed 
region [38, 39]. Mismatches and wobble pairing in general are not allowed in the 
seed region.

	2.	 Thermodynamics—The thermodynamics for pairing between the miRNA and 
the target sequence (also called duplex or “hybridization energy”) is calculated, 
and only sites with the hybridization energy below a certain cutoff (pairs with the 
strongest interaction) are selected as the predicted targets [39, 40, 87]. Some 
algorithms use such energies to rank the final set of predictions. However, the 
assumption of the stronger the physical interaction the more likely the predicted 
miRNA–mRNA pair will be functional has been questioned. It was recently 
shown that the ranking according to hybridization energy does not improve the 
prediction accuracy once a perfect complementarity to the seed (positions 2–8) 
is present [88].

	3.	 Conservation—The cross-species conservation is the best filter frequently used 
in the prediction of both miRNA genes and their target sites. Although conserva-
tion reduces the false positive predictions, it may sometimes miss species spe-
cific miRNAs that have evolved to act on non-conserved 3′ UTRs.

	4.	 Accessibility—Consideration of embedded miRNA target sites accessibility in 
the folded mRNA can help in reducing the false positive cases. This feature 
basically looks for interaction of miRNA with target sites in the folded mRNA 
[41–44, 89].

Some of the well-known programs used for target prediction are briefly described 
below.

9.3.1  �miRanda

The miRanda algorithm [90, 91] identifies the miRNA targets in three different 
steps: (a) At first it identifies the best complementary pattern between miRNA and 
mRNA; (b) calculate the free energy change for the miRNA–mRNA duplex; (c) 
filter the predicted target by considering the evolutionary conservation. To find the 
complementary pattern it applies the Smith–Waterman alignment. During align-
ment it looks for Watson–Crick complementary pairs (A:U or G:C) or the wobble 
base pair (G:U). The Watson–Crick pairs are scored higher than the wobble pair. For 
all other base pairs (mismatches), a negative penalty value is applied. There is 
higher weight for 2–8 positions than other positions and the terminal miRNA 
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nucleotides. Fist nucleotide and last two nucleotides do not contribute to the alignment 
score, regardless of base pairing. The free energy change is calculated using folding 
routine present in the Vienna package [62]. miRanda uses PhastCons conservation 
scores [66] for identifying evolutionary conserved targets.

9.3.2  �TargetScan

TargetScan first searches for perfect complementary sequence of the seed region in 
the target site [38]. It then extends the complementary matches to the remaining 
region of the miRNA, allowing wobble base pairing. The identified targets are clas-
sified into three different categories depending on the length of the exact matching 
and on the occurrence of adenine at the first base of target sequence.

9.3.3  �PicTar

The PicTar program starts the miRNA target search by generating a set of ortholo-
gous 3′ UTR regions. The orthologous regions are identified using multiple sequence 
alignment from eight vertebrates. Looking into the orthologous sites reduces false 
positive cases. It scans the orthologous regions looking for perfect complementary 
match to miRNA seed region. The target sites are filtered based on optimal free 
energy of the predicted miRNA–mRNA duplex (defined as anchors). The target 
UTRs are further filtered based on total numbers of anchors found in the UTR. The 
filtered identified targets are then scored using a Hidden Markov Model (HMM) 
maximum-likelihood approach. The PicTar scoring system takes into consideration 
the fact that an mRNA can be targeted by multiple miRNAs.

9.3.4  �DIANA-microT

This algorithm is based on several parameters known as miRNA recognition ele-
ments (MREs) calculated individually for each miRNA [37, 92]. The parameters 
include complementary sequence pattern, conservation, binding site structural 
accessibility, nucleotide composition around the flanking sites of binding region, 
and closeness of one binding site to another in the same target sequence. The final 
predicted score of the target gene is the weighted sum of MREs. The final score is 
compared with the score obtained from shuffled sequence with the same dinucleo-
tide composition as that of 3′ UTR sequence.
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9.3.5  �RNAHybrid

RNAHybrid [40, 93] is an improvement of the classical RNA secondary structure 
prediction programs: MFold and Vienna package [62, 94, 95]. RNAHybrid instead 
of folding a single sequence it scans the target sequence to identify potential regions 
that can form a thermodynamically duplex with a specific miRNA in an energeti-
cally optimal way. RNAHybrid does not allow intramolecular base pairing and 
branching structures.

9.3.6  �Rna22

Rna22 is a pattern-based approach for the identification of miRNA target sites and 
miRNAs [96]. The prediction algorithm first looks for statistically significant com-
plementary pattern in the mRNAs based on known miRNA pattern. It then predicts 
the miRNAs that targets a given mRNA. The candidate miRNAs are identified 
based on miRNA–mRNA duplex free energy calculated using Vienna package. 
Since knowledge of miRNA is not needed in prior, Rna22 program can identify 
mRNAs targeted by novel miRNAs. It does not use conservation filter and hence 
can identify miRNA targets, which are not conserved across species.

9.3.7  �PITA

The secondary structure of the mRNA plays a very crucial role in miRNA target-
ing. This algorithm predicts targets based on the miRNA interaction with binding 
site embedded in the folded mRNA [41]. PITA first scans for complementary 
sequence in the seed region, allowing one mismatch or one wobble pair. It then 
calculates the energy-based score for miRNA–target interaction. The calculated 
score is the difference between the energy gained by miRNA binding to the target 
site and the loss of free energy by unpairing the target site to make it accessible to 
the miRNA [97].

Almost all miRNA target prediction programs use key features, such as comple-
mentarity to 5′ seed of miRNAs and evolutionary conservation. However, not all 
miRNA target sites are conserved and adhere to canonical seed complementarity, 
leading to missing a large fraction of the targeted mRNAs and additionally predict-
ing a large number of false positives. In order to overcome this limitation, recent 
algorithms combine multiple novel target site features through machine learning 
tools. For example, DIANA-microT-ANN program combines multiple novel target 
site features through an artificial neural network (ANN) model, which was trained 
using published high-throughput data measuring the change of protein levels after 
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miRNA overexpression [98]. Similarly, in PACCMIT algorithm [89], the concept of 
partial accessibility of the complementary sites in the 3′ UTR was incorporated into 
a successful statistical framework to predict highly precise miRNA target sites. This 
method does not require conservation information and considers multiple binding 
sites in calculating a single score.

9.4  �MiRNA Editing

Adenosine-to-inosine (A-to-I) RNA editing is a co-transcriptional or posttranscrip-
tional event that changes adenosine to inosine in a double-stranded RNA [47, 99, 
100]. RNA sequence editing can result in a protein which is different from the one 
encoded by the genome and thereby increase protein diversity [100–102]. The 
A-to-I transition is catalyzed by enzymes known as adenosine deaminases acting on 
RNA (ADARs) [47, 103, 104]. Long primary miRNA (pri-miRNA) transcript is 
processed into ~60–70 nucleotide precursor miRNA (pre-miRNA) that is further 
processed to generate ~22 nucleotide mature miRNA(s) [105–108]. Pri-miRNAs 
contain a short double-stranded hairpin like structure and can generate up to six 
miRNAs. Due to double stranded structure of pri-miRNA it can act as a substrate 
for  ADAR [109–113]. Although the extent of A-to-I editing was low, targeted 
adenosines can influence the expression and function of miRNAs. If the editing of 
pri-miRNA is in the seed region then the target gene will change. For example, 
A-to-I editing in the seed region of mouse miR-376 alters the gene target and has 
severe effects on cellular processes [111].

In the last few years several studies have reported editing sites in miRNA includ-
ing novel several editing sites using small RNA-Seq data [46, 48, 114, 115]. The 
major challenge in detecting A-to-I editing site is to discriminate sequencing and 
alignment errors from actual editing sites. Although there does not exist a gold stan-
dard program for predicting A-to-I editing from small RNA-Seq dataset, a system-
atic approach needs to be followed to identify actual A-to-I editing sites. The 
following bioinformatics steps are followed to detect true A-to-I editing site from 
small RNA-Seq samples.

	1.	 Preprocessing—The 3′ adapter sequence should be properly trimmed before 
alignment. No mismatches are allowed while removing adapter sequences. Some 
studies also suggest trimming of last two bases from the mature miRNA because 
they undergo large-scale RNA modifications in form of adenylation and uri-
dylation [46, 114, 116]. In addition, many studies also put a length filter because 
most of the mature miRNAs are of length ≥20 bp and ≤25 bp.

	2.	 Alignment—The processed reads are aligned to either known pri-miRNA or ref-
erence genome. If the reads are aligned to the reference genome then the reads 
that fall in the known pri-miRNAs are taken further for analysis. Reads can be 
cross-mapped to multiple location in the genome due to presence of similar 
sequence pattern in the genome, sequencing errors or posttranscriptional modi-
fications in the read. For example let-7b and let-7c mature miRNA sequence 
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differs by one base. An error or editing in let-7b can lead to cross mapping to 
let-7c. The read counts for multiple mapping reads are commonly divided 
equally between the aligned positions, randomly aligned to one of the positions, 
or removed completely. In [117], an expectation-maximization based approach 
was proposed to avoid error due to cross mapping of miRNAs. Some of the 
studies allow only up to one mismatch during alignment.

	3.	 Editing site prediction—For identification of true editing sites from read 
alignment file, first different filters are applied and then a statistical test is per-
formed. The filtering options include the following: position of mismatch in the 
read, quality score of the mismatched nucleotide, read depth at the mismatch 
location, minimum editing percentage. After filtering some of the potential edit-
ing sites statistical tests such as Benjamini–Hochberg test, Chi-Square test, 
Bonferroni’s correction [46, 115, 117] are applied to identify A-to-I editing sites 
in the miRNAs.

9.5  �Databases of MiRNAs, Expression Profiles  
and MiRNA Target Sites

Increasingly it has been shown that microRNAs play a significant role in regulating 
gene expression within the animal and plant kingdom. There has been a rapid accu-
mulation of miRNA knowledge in the past few years. Rapid retrieval of miRNA 
information is very important for researchers. Several miRNA databases have been 
established to systematically organize miRNA related data (Table 9.2). The data-
bases catalogue known miRNAs, experimentally validated and/or computationally 
predicted miRNA targets, miRNA expression information in different tissues, 
miRNA–disease association. Below we briefly discuss some of the widely used and 
important miRNA databases.

9.5.1  �miRBase

miRBase is one of the earliest and most widely used databases that provides inte-
grated interfaces to comprehensive miRNA sequence data, annotation and predicted 
mRNA targets [118]. The latest release of miRBase (Release 19, August 2012) 
contains 21,264 entries representing precursor miRNAs, 25,141 mature miRNAs of 
193 species [80]. Data are collected from publications reporting novel miRNAs and 
also from datasets submitted by user to database such as NCBI GEO [119]. It pro-
vides a consistent nomenclature for naming newly discovered miRNAs. miRBase 
also assigns a stable accession number to each stem-loop and mature sequence. The 
latest version of miRBase provides an interface to view reads from RNA deep-
sequencing data mapped to microRNA loci.
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9.5.2  �miRDB

miRDB is a database of miRNA target prediction and functional annotation [120]. 
It follows wiki model to keep track of all the latest development in the miRNA field. 
All miRNA researchers are invited to continuously contribute miRNA functional 
annotations and actively interact with each other. The miRNA targets maintained at 
miRDB was predicted using MirTarget2 program [121]. MirTarget2 study genes 
impacted by miRNAs and train prediction model using support vector machine 
(SVM). miRDB maintains predicted miRNA targets in five species: human, mouse, 
rat, dog, and chicken.

9.5.3  �microRNA.org

MicroRNA.org is a database of predicted miRNA targets and expression values 
[91]. MiRNA targets are predicted using miRanda algorithm. It provides an inter-
face to explore miRNA target genes and their expression in different tissues. The 
expression value provided by the database is in the normalized format. The August 
2010 release of the database provides information for human, mouse, rat, fruitfly, 
and nematode.

9.5.4  �microPIR

microRNA-Promoter Interaction Resource (microPIR) is a database that provides 
miRNA targets present within human promoter regions [122]. The RNAHybrid pro-
gram was used to predict the target sites in the promoter region. More than 15 mil-
lion target sites were identified by scanning 5,000 bp upstream of all human genes, 
on both sense and antisense strands. To increase the sensitivity of target site selec-
tion it also provides validated AGO protein binding sites information that has been 
reported to be involved in promoter-targeting miRNAs [123]. microPIR also inte-
grates various other information including EST expression, sequence conservation 
across vertebrate species, transposable element and repeat position, transcription 
factor binding sites, CpG islands, and SNPs. Integrating other genomic features 
with target sites will help the researcher in taking intelligent decision. The complete 
information is presented on a genome browser.

9.5.5  �mirTarBase

mirTarBase is a curated database of miRNA–target interactions (MTIs) sites that have 
been experimentally validated [124]. The articles related to the miRNAs are first 
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identified using a systematic text-mining process. Then each article is carefully 
reviewed by at least two developers at miTarBase to extract MTIs reported in the 
articles. The latest release (Release 2.5, Oct. 15, 2011) consists of 4,270 MTI sites and 
669 miRNAs from 14 different species. mirTarBase also provides comparison sum-
mary with other databases including TarBase [125], miRecords [126], and miR2Dis-
ease [127].

9.5.6  �TarBase

The latest version of TarBase implements advance text mining-assisted human pipe-
line for paper curation. The pipeline included miRNA target association identifica-
tion, name entity recognition and scoring techniques to select publications from 
PubMed. After an article is selected for curation, the curator extracts several rele-
vant information including miRNAs, the target genes and experimental validation 
information. TarBase 6.0 version of database contains 65,814 experimentally vali-
dated miRNA–gene interactions [125].

9.5.7  �mESAdb

microRNA expression and sequence analysis database (mESAdb) is a database for 
multivariate analysis of miRNA sequence and expression from multiple taxa [128]. 
It allows user to extract miRNA expression for a subset of miRNA selected manu-
ally or by motif. It also performs meta-analysis for comparative analysis of function 
and expression for microRNA subset across multiple taxa, including human, mouse, 
and zebra fish. mESAdb also perform gene enrichment analysis using KEGG, GO, 
HUGE [129–131] annotation databases. Users can also upload their data to perform 
analysis.

9.5.8  �miR2Disease

miR2Disease is a manually curated database of microRNAs that have been linked 
to different human diseases [127]. It contains several information on a miRNA–
disease relationship including miRNA id, disease name, brief description of the 
relationship, relative expression pattern of miRNA in the disease state, expression 
detection method, and experimental validated miRNA targets. The disease terms are 
organized based upon a controlled medical vocabulary (http://diseaseontology.
sourceforge.net/). The database can be queried using miRNA name or disease or 
target gene. Additionally, it provides external link to several other miRNA data-
bases. The current version of miR2Disease covers 163 diseases, 349 miRNAs.
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9.5.9  �miRdSNP

Recent findings indicate that Single Nucleotide Polymorphisms (SNPs) could cre-
ate, destroy, or modify the efficiency of miRNA binding to the 3′ UTR of a gene, 
resulting in altered target gene expression. For example, genome-wide bioinfor-
matics analysis predicted approximately 64 % of transcribed SNPs as target SNPs 
that can modify (increase/decrease) the binding energy of putative miRNA–mRNA 
duplexes by greater than 90 % [132]. miRdSNP is a comprehensive database of 
dSNPs that affect gene expression that are related to various diseases [133]. miRd-
SNP manually curates dSNPs from PubMed articles linked in Enterz and overlap 
the 3′ UTRs of human. The miRNA targets are predicted using TargetScan and 
PicTar algorithms. It also helps in studying the genomic distance between miRNA 
target sites and dSNPs. The latest release of miRdSNP contains information about 
786 disease–SNP pairs, where 180 of these are predicted to disrupt the miRNA 
targets.

9.6  �Worked Example

We downloaded small RNA-Seq data from NCBI SRA database 
(Accession = SRP006574) that was deposited by a recently published work on breast 
cancer. We processed 14 samples (Breast_Normal = 7; Breast_IDC = 7) from the pub-
lished study. Following steps are followed for analysis of small RNA-Seq datasets.

	1.	 Preprocessing: First the read quality and base composition of the samples are 
studied. The average base composition and quality distribution obtained for 
one of the samples is shown in Fig. 9.1. Figure 9.1a clearly indicates random 
base composition in the initial portion of the reads, whereas the later portion 
reads show some bias. The bias is due to multiplexing index and 3′ adapter 
sequences present in each read. Figure 9.1b shows the quality of bases across 
reads in the sample. More than 90 % of the bases have read quality ≥Q20 (Phred 
score). The reads with average base quality ≥Q20 were taken further for analy-
sis. The adapter sequences and multiplex sequence are later on trimmed from 
each read of the sample. The read length distribution of trimmed reads for all 
samples is shown in Fig.  9.2. Majority of the trimmed reads are of length 
21–23 bp that is the range for mature miRNAs (Table S1).

	2.	 Alignment and annotation: The trimmed reads are aligned to primary miRNA 
sequences, noncoding RNAs (rRNA, tRNA, snoRNA, snRNA), and genome. 
The alignment is performed in following order: rRNA → tRNA → miRNA → sno
RNA → snRNA → chrM → genome. The alignment to different RNA class and 
genome is shown in Fig. 9.3 (Tables 9.3 and S2). The majority of the reads map 
to the primary miRNA sequences. The read length distribution for the RNA class 
was also studied. It can be clearly seen that miRNA class has a specific pattern, 
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peaking at 22 bases whereas other small RNA classes does not show any specific 
pattern (Fig. 9.4, Table S3).

	3.	 MiRNA expression analysis: The total reads overlapping pre-miRNA regions are 
counted for miRNA expression quantification (Table S4). The multiple mapped 
read count is commonly divided equally between the aligned positions. 

Fig. 9.1  (a) Base composition distribution, (b) Base quality distribution for one of the small RNA 
sample

Fig. 9.2  Read length distribution after trimming of adapter sequences from small RNA samples
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Differential miRNA expression analysis was performed using DESeq program. 
MiRNAs with an adjusted p-value ≤ 0.01 and at least 10 reads in four samples of 
the seven sample of either normal breast or IDC are selected as candidates. Our 
analysis identified 8 up-regulated and 23 down-regulated miRNAs in breast IDC 
samples as compared to breast normal (Table S5).

Fig. 9.3  Alignment summary of trimmed reads to different RNA class across all samples

Table 9.3  Small RNA-Seq read summary

Tissue type NCBI SRA ID Total raw reads
Total reads with 
quality ≥Q20

Total reads after 
adapter trimming

Total reads 
aligned

Breast 
normal

SRR191548 880,564 863,369 780,736 740,595
SRR191549 288,539 276,906 236,391 225,186
SRR191554 436,890 420,729 375,615 355,350
SRR191578 500,705 439,419 430,117 414,695
SRR191581 342,815 303,855 291,355 276,606
SRR191582 283,125 241,959 231,498 226,208
SRR191617 388,816 376,488 367,646 294,371

Breast IDC SRR191602 1,631,075 1,615,298 1,602,468 1,584,151
SRR191603 1,191,991 1,180,635 1,170,137 1,158,625
SRR191604 1,203,352 1,195,729 1,185,231 1,168,644
SRR191605 1,472,658 1,458,642 1,447,631 1,430,470
SRR191615 1,021,848 831,239 826,751 773,983
SRR191622 890,845 863,530 852,923 738,638
SRR191631 1,340,601 1,303,399 1,295,053 1,123,003
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Fig. 9.4  Read length distribution for the sample aligned to different RNA class, (a) miRNA, 
(b) rRNA, (c) tRNA, (d) genome

9.7  �Notes

	1.	 Despite great progress, miRNA target prediction by computational approaches 
alone is still far from perfect. Almost all miRNA target prediction programs use 
key features, such as complementarity to 5′ seed of miRNAs and evolutionary 
conservation. While these features reduce the false positive prediction rate, not 
all miRNA target sites are conserved and adhere to canonical seed complemen-
tarity. Recent results indicate significant promise for energy-based miRNA target 
prediction that includes a broader range of targets without having to use conser-
vation or impose stringent seed match rules [134]. Inclusion of such features is 
not considered in the approaches suggested in this chapter, although we expect 
development of prediction programs in near future.

	2.	 Recent evidence from NGS data, such as RNA-seq, suggest that a gene can yield 
transcript variants that differ either in their regulatory UTRs or/and protein cod-
ing regions, thereby expanding the complexity of mammalian transcriptomes 
and proteomes. The transcript variants thus generated should be considered sep-
arately in miRNA target prediction programs, because one transcript variant of 
gene could be a target while the others may not depending on their 3′ UTRs.

	3.	 An automated pipeline would soon be made available at http://bioinformatics.
wistar.upenn.edu. The users may contact the author for R code.
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Table S4  List of expressed miRNAs

miRNA 
Information

Breast 
Normal

chromosome start end miRNA strand
SRR 
191548

SRR 
191549

SRR 
191554

SRR 
191578

SRR 
191581

chr13 41675154 41675236 hsa-mir-3168 - 81 14 37 3 6

chr7 127847924 127847996 hsa-mir-129-1 + 3 6 0 1 5

chr14 101528386 101528455 hsa-mir-377 + 445 69 19 52 136

chr16 2185977 2186130 hsa-mir-3180-5 - 0 0 0 0 0

chrX 146271221 146271305 hsa-mir-513c - 0 0 0 0 0

chr4 185859536 185859594 hsa-mir-4455 - 3 2 1 0 0

chr14 107259099 107259214 hsa-mir-5195 - 1 0 0 0 0

chr1 22959750 22959859 hsa-mir-6127 - 1 0 0 0 0

chr20 61162118 61162220 hsa-mir-133a-2 + 10 4 7 4 2

chr12 65016288 65016385 hsa-mir-548c + 5 0 1 6 2

chr10 89263637 89263711 hsa-mir-4678 + 1 0 0 0 0

chr19 40788449 40788548 hsa-mir-641 - 0 0 0 0 0

chr16 18496034 18496128 hsa-mir-3180-3 - 0 0 0 0 0

chr12 65016288 65016385 hsa-mir-548z - 8 1 2 13 3

chr22 23228446 23228559 hsa-mir-5571 + 0 0 0 0 0

chr17 8090492 8090577 hsa-mir-3676 + 86 39 49 9 8

chr16 2321747 2321841 hsa-mir-940 + 13 0 4 0 1

chr7 27209098 27209182 hsa-mir-196b - 74 4 9 47 36

chr3 16974687 16974752 hsa-mir-3714 + 0 0 0 0 0

chr7 1062568 1062662 hsa-mir-339 - 486 222 194 51 98

chr7 130562217 130562298 hsa-mir-29b-1 - 1743 46 38 875 382

chr19 39900262 39900318 hsa-mir-4530 - 0 0 0 0 0

chr10 687628 687718 hsa-mir-5699 - 2 3 0 0 3

chr1 23384350 23384427 hsa-mir-4419a - 1 0 0 0 0

chrX 139006306 139006390 hsa-mir-505 - 92 37 75 31 57

chr1 54519751 54519827 hsa-mir-4781 + 0 0 0 0 0

chr20 34041775 34041919 hsa-mir-1289-1 - 0 0 0 0 0

chr11 2155363 2155439 hsa-mir-483 - 201 95 53 4 12

chr9 95054739 95054829 hsa-mir-3651 - 3 1 3 1 1

chr17 19247818 19247887 hsa-mir-1180 - 36 10 10 0 2

chr17 17717149 17717245 hsa-mir-33b - 111 215 134 10 7

chr13 100295312 100295403 hsa-mir-4306 + 0 0 0 0 0

chr19 54194134 54194219 hsa-mir-520a + 3 1 0 0 0

chrX 49768108 49768194 hsa-mir-188 + 35 8 2 3 4

chr2 11680730 11680803 hsa-mir-4429 - 6 5 3 1 6

chrX 53583183 53583302 hsa-mir-98 - 268 25 52 210 240

chr12 79813036 79813101 hsa-mir-1252 + 1 0 0 0 0

chr19 54175221 54175294 hsa-mir-1323 + 0 0 0 0 0

chr3 44903379 44903473 hsa-mir-564 + 1 0 1 0 0

chr13 50623108 50623197 hsa-mir-16-1 - 217 12 19 1221 91

chr17 67095704 67095773 hsa-mir-4524a - 14 4 12 1 0

chr9 96581638 96581703 hsa-mir-4291 + 0 0 0 0 0

chr1 224444705 224444843 hsa-mir-320b-2 - 218 214 251 34 71

chr9 131154899 131154987 hsa-mir-2964a + 6 2 0 2 0
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Breast 
IDC

SRR 
191582

SRR 
191617

SRR 
191602

SRR 
191603

SRR 
191604

SRR 
191605

SRR 
191615

SRR 
191622

SRR 
191631 p-value adj-p-value

7 0 1 6 0 2 0 2 1 6.72E-07 5.69E-05

2 5 2 2 5 10 3 1 1 0.16649341 0.40145979

385 109 185 229 133 135 29 25 130 0.02417139 0.10830643

0 0 1 0 0 1 0 2 0 0.68634275 0.90275157

0 0 1 0 0 0 0 0 0 1 1

0 1 0 0 0 0 0 0 0 0.00181102 0.01896485

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

0 0 1 1 0 0 0 0 0 1 1

3 6 12 8 13 3 0 2 0 0.14359115 0.35878538

3 2 13 13 12 19 11 10 10 0.50965236 0.75276704

1 0 0 0 0 0 0 0 0 0.09486019 0.2762803

0 0 2 4 3 5 4 12 2 0.00542294 0.03828921

0 0 1 0 0 2 0 3 0 0.3028855 0.5346388

7 4 23 20 20 34 15 21 14 0.66154329 0.89746484

0 0 1 19 0 18 4 7 0 0.00193865 0.01985519

19 9 40 27 44 48 1 39 6 0.09924628 0.28286708

1 0 12 20 12 35 0 4 3 0.75005609 0.92101749

44 50 239 190 246 330 7 44 117 0.69122654 0.90275157

0 0 1 0 0 0 0 0 0 1 1

57 75 449 536 659 804 115 90 265 0.78263557 0.94239839

608 440 4355 4883 1250 5761 2146 1652 1234 0.39319863 0.64178831

0 0 1 0 0 0 0 0 0 1 1

1 2 5 9 11 9 6 9 6 0.41644619 0.67150147

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

31 35 171 147 145 259 127 161 36 0.97803347 1

0 0 1 1 1 1 1 0 0 0.45250807 0.70097152

0 0 2 0 0 1 0 0 0 0.71923558 0.90275157

16 15 35 5 6 6 1 2 5 2.69E-05 0.00108376

0 0 2 2 1 2 0 0 0 0.1296928 0.33576026

5 5 17 12 16 18 1 5 3 0.10099661 0.28400472

27 7 133 51 59 246 45 17 54 0.27934706 0.51554744

0 0 1 1 0 0 1 0 0 0.71923557 0.90275157

0 0 2 0 0 0 1 1 0 0.22611245 0.5029518

15 5 25 63 31 40 90 39 16 0.54894436 0.78710176

1 1 2 0 0 0 0 1 0 0.00022938 0.00464749

200 233 1320 1463 1048 983 637 526 265 0.41537456 0.67150147

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

0 0 4 0 0 1 0 0 0 0.45250807 0.70097152

0 0 1 0 0 1 0 0 1 0.69927681 0.90275157

138 473 6124 4184 1137 3333 1080 2765 2998 0.04182451 0.16204427

3 0 8 1 0 0 0 0 0 0.00134621 0.01548974

0 0 1 0 0 1 1 0 0 0.71923557 0.90275157

64 24 48 42 99 40 23 19 12 0.00223906 0.02173755

1 0 2 8 6 8 19 5 2 0.50948422 0.75276704

(continued)
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miRNA 
Information

Breast 
Normal

chromosome start end miRNA strand
SRR 
191548

SRR 
191549

SRR 
191554

SRR 
191578

SRR 
191581

chr16 2156669 2156754 hsa-mir-
6511b-1

- 5 2 3 1 1

chr4 7461754 7461845 hsa-mir-4274 + 1 0 0 0 0

chr16 15737150 15737229 hsa-mir-484 + 300 21 77 56 26

chr2 56227848 56227930 hsa-mir-216b - 0 0 0 0 0

chr1 143424140 143424215 hsa-mir-3118-3 - 0 0 0 0 0

chr2 207647957 207648032 hsa-mir-3130-2 + 1 1 2 1 1

chrX 146360764 146360862 hsa-mir-514a-1 - 2 0 0 1 1

chr12 54427733 54427829 hsa-mir-615 + 50 8 11 0 2

chr17 35391041 35391110 hsa-mir-2909 + 7 5 2 0 0

chr19 54291958 54292027 hsa-mir-373 + 2 0 0 0 0

chr3 49057580 49057667 hsa-mir-425 - 419 94 195 300 243

chr3 50712510 50712594 hsa-mir-4787 + 1 0 0 0 0

chr13 50570550 50570637 hsa-mir-3613 - 29 2 4 60 20

chr14 31483851 31483948 hsa-mir-624 - 3 0 0 4 2

chrX 55477927 55478015 hsa-mir-4536-2 + 3 0 0 1 0

chr12 48526579 48526650 hsa-mir-6505 + 2 0 0 0 0

chr14 101531783 101531874 hsa-mir-412 + 6 1 3 0 1

chr2 136422966 136423048 hsa-mir-128-1 + 50 7 9 31 20

chr2 103048748 103048826 hsa-mir-4772 + 1 2 0 0 1

chr10 56367633 56367717 hsa-mir-548f-1 - 1 0 1 4 1

chr14 74946835 74946907 hsa-mir-4709 - 2 0 2 0 0

chr19 13985688 13985825 hsa-mir-181d + 78 10 11 20 39

chr16 69599710 69599771 hsa-mir-1538 - 1 0 0 0 0

chr15 99327654 99327731 hsa-mir-4714 + 1 1 0 0 0

chr9 96938238 96938318 hsa-let-7a-1 + 4645 391 983 5358 4656

chr7 7106594 7106676 hsa-mir-3683 - 0 0 0 0 0

chr17 11985215 11985313 hsa-mir-744 + 437 102 68 21 21

chr6 52013720 52013839 hsa-mir-133b + 1 1 0 0 0

chr18 37256684 37256743 hsa-mir-5583-1 + 1 0 0 0 0

chr5 179442302 179442397 hsa-mir-340 - 5 1 0 59 1

chr3 49058050 49058142 hsa-mir-191 - 5147 1151 696 1208 2063

chr9 69002238 69002321 hsa-mir-1299 - 4 22 7 1 17

chr11 70130060 70130176 hsa-mir-548k + 6 0 0 4 2

chr18 19263470 19263558 hsa-mir-320c-1 + 159 191 198 18 62

chr16 16462732 16462799 hsa-mir-
6511a-3

+ 2 1 0 0 0

chr6 132113311 132113371 hsa-mir-548h-5 + 0 0 0 0 0

chr19 54204480 54204541 hsa-mir-520b + 0 0 0 0 0

chr1 110141514 110141589 hsa-mir-197 + 210 81 73 25 61

chr8 12584740 12584813 hsa-mir-3926-1 - 4 2 1 0 0

chrX 85090784 85090863 hsa-mir-1321 + 1 0 5 0 0

chr17 57918626 57918698 hsa-mir-21 + 12169 990 1178 18277 19071

chr16 15248706 15248859 hsa-mir-3180-4 - 0 0 0 0 0

Table S4  (continued)
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Breast 
IDC

SRR 
191582

SRR 
191617

SRR 
191602

SRR 
191603

SRR 
191604

SRR 
191605

SRR 
191615

SRR 
191622

SRR 
191631 p-value adj-p-value

0 0 2 2 4 5 0 1 1 0.24968918 0.51361322

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

25 75 767 421 565 655 38 172 154 0.6271678 0.86085477

0 0 1 2 0 0 0 0 0 0.71923558 0.90275157

0 0 1 1 0 0 0 0 0 1 1

0 0 3 1 3 7 1 1 0 1 1

0 1 1 1 0 0 1 0 2 0.18973507 0.44319069

1 6 129 63 149 305 1 16 35 0.20040044 0.45777748

1 0 1 0 0 0 0 0 0 0.00044648 0.00717452

0 0 0 0 0 0 0 0 0 0.09486019 0.2762803

229 229 1495 970 2499 4349 8071 1038 5266 0.0057233 0.0401061

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

15 47 181 223 213 220 56 89 77 0.36117722 0.60743291

0 0 26 11 3 28 2 8 5 0.17072659 0.40718703

0 0 1 0 3 1 1 0 1 0.43214339 0.69083642

0 1 0 0 0 0 0 0 0 0.0135387 0.07269882

1 6 0 0 0 0 0 0 0 1.03E-05 0.00060263

21 33 279 295 152 473 65 164 108 0.15574563 0.38198664

1 0 1 1 1 1 9 6 2 0.52579776 0.76330765

0 1 2 7 4 8 7 7 1 0.53946813 0.77470615

0 0 1 1 1 1 0 1 0 0.56462384 0.80217899

22 38 138 64 77 338 25 204 53 0.73440876 0.91141008

0 0 1 0 1 3 0 0 0 1 1

0 0 2 0 0 0 1 0 0 0.70450643 0.90275157

3651 6226 33870 21963 22633 21357 5103 5069 5009 0.45894773 0.70097152

0 0 1 0 0 0 0 0 0 1 1

39 41 199 306 344 432 43 145 57 0.49443494 0.7408575

0 0 1 0 0 0 0 0 0 0.23689045 0.51361322

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

5 28 954 731 131 916 357 728 503 0.00028393 0.00494969

649 1242 6109 1713 9241 11364 9881 2481 9930 0.50478062 0.74913303

9 11 0 0 0 0 0 0 0 5.83E-09 1.09E-06

1 2 6 20 10 17 12 18 13 0.27224233 0.51361322

41 16 38 22 92 30 15 6 14 0.00242108 0.02302498

0 0 0 0 1 2 0 0 0 0.45613637 0.70097152

0 0 2 3 2 3 1 2 2 0.02188 0.10019112

1 0 0 0 0 0 0 0 0 0.27554357 0.51361322

64 35 340 414 500 570 97 261 87 0.66430531 0.89990196

1 0 1 0 1 0 0 1 0 0.02148756 0.09963387

1 0 0 0 0 0 0 0 0 0.00260922 0.02360966

10632 15740 495500 343646 410418 428303 307645 309635 710432 0.00297229 0.02588947

0 0 1 0 0 0 0 2 0 0.71923557 0.90275157

(continued)
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miRNA 
Information

Breast 
Normal

chromosome start end miRNA strand
SRR 
191548

SRR 
191549

SRR 
191554

SRR 
191578

SRR 
191581

chr17 15154943 15155013 hsa-mir-4731 - 2 0 1 0 0

chr5 148808480 148808586 hsa-mir-143 + 44495 8261 8195 10777 4056

chrX 151127049 151127130 hsa-mir-224 - 666 9 36 173 120

chr2 25551508 25551590 hsa-mir-1301 - 35 10 9 1 8

chr3 48357849 48357949 hsa-mir-2115 - 27 15 0 0 0

chrX 146331668 146331748 hsa-mir-514b - 0 0 0 0 0

chr14 106325652 106325722 hsa-mir-4537 - 0 0 0 0 0

chr5 57825869 57825936 hsa-mir-548ae-2 - 2 0 0 1 1

chr2 189162218 189162315 hsa-mir-561 + 2 0 0 0 1

chrX 45605584 45605694 hsa-mir-221 - 3816 408 472 1016 1427

chr21 24451605 24451714 hsa-mir-6130 + 1 0 0 0 1

chr16 26036557 26036631 hsa-mir-548w + 4 1 0 1 3

chr1 220373879 220373961 hsa-mir-664a - 56 36 45 18 17

chrX 73438381 73438453 hsa-mir-374b - 33 9 3 305 98

chr1 85599476 85599556 hsa-mir-4423 + 1 0 1 0 0

chr13 92003318 92003389 hsa-mir-20a + 100 16 5 1264 217

chr7 43190493 43190593 hsa-mir-3943 + 1 0 0 0 0

chr16 2324620 2324692 hsa-mir-4717 + 0 0 0 0 0

chr5 149112387 149112453 hsa-mir-378a + 8867 4096 7011 1053 2691

chr17 27717679 27717748 hsa-mir-4523 + 1 1 0 0 0

chr3 185485634 185485692 hsa-mir-548aq - 2 1 0 2 2

chr4 87463634 87463705 hsa-mir-4452 - 1 0 0 0 1

chr3 160122375 160122473 hsa-mir-15b + 178 14 52 634 56

chr19 50004041 50004125 hsa-mir-150 - 530 328 301 200 232

chr8 9760897 9760982 hsa-mir-124-1 - 17 0 0 4 1

chr11 75046135 75046230 hsa-mir-326 - 106 45 71 10 18

chr11 111218481 111218549 hsa-mir-4491 + 1 0 0 0 0

chr14 101340829 101340922 hsa-mir-337 + 13 5 1 25 30

chr22 46486923 46487006 hsa-mir-3619 + 0 0 0 0 0

chr1 207975787 207975868 hsa-mir-29b-2 - 1814 56 57 913 403

chr17 37882747 37882814 hsa-mir-4728 + 0 0 0 0 0

chr11 10529816 10529873 hsa-mir-4485 - 0 0 0 0 0

chr1 154166140 154166219 hsa-mir-190b - 41 1 20 9 7

chr14 101506026 101506092 hsa-mir-376c + 1564 1580 112 248 900

chr18 19408964 19409049 hsa-mir-1-2 - 6 0 6 46 24

chrX 133674370 133674461 hsa-mir-450a-1 - 36 4 4 19 24

chr5 54466473 54466570 hsa-mir-449b - 0 0 0 0 0

chr18 21901649 21901699 hsa-mir-320c-2 + 44 64 59 7 23

chr5 85916313 85916392 hsa-mir-3607 + 100 166 42 3 41

chr8 41517958 41518026 hsa-mir-486 - 800 158 1223 2070 166

chr2 208133998 208134148 hsa-mir-1302-4 - 0 0 0 0 0

chr3 71591120 71591240 hsa-mir-1284 - 0 0 0 0 0

chr16 11400296 11400384 hsa-mir-548h-2 - 0 0 0 0 0

chrX 135633036 135633119 hsa-mir-934 + 48 5 1 12 8

Table S4  (continued)
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Breast 
IDC

SRR 
191582

SRR 
191617

SRR 
191602

SRR 
191603

SRR 
191604

SRR 
191605

SRR 
191615

SRR 
191622

SRR 
191631 p-value adj-p-value

0 0 0 0 0 0 0 0 0 0.0141554 0.07411706

13171 27859 38906 29920 31599 32008 14654 14160 15856 0.1321433 0.34021425

51 76 430 4300 1495 159 9 145 34 0.43568604 0.69411861

7 6 35 107 117 231 36 63 10 0.20373828 0.46247833

3 0 0 0 0 0 0 0 0 3.35E-08 4.47E-06

0 0 1 0 0 0 0 0 0 1 1

0 0 1 7 0 1 2 0 0 0.07464642 0.25390681

2 1 12 5 4 6 6 3 3 0.42202495 0.67815043

0 2 9 3 1 2 2 1 0 1 1

2394 914 2839 2428 3224 3201 1121 1156 1028 0.17661571 0.41879956

3 6 3 2 1 4 9 2 2 0.67817645 0.90275157

3 4 5 11 11 8 3 4 4 0.94785414 1

24 32 169 186 99 210 46 25 56 0.83601652 0.98753789

76 175 1113 974 294 1414 4004 918 467 0.00966283 0.05810166

3 0 1 3 1 4 2 0 0 0.84990024 0.9976159

83 851 7913 1988 921 1062 699 503 1070 0.31607398 0.54856788

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

0 0 2 0 2 2 0 0 0 0.3028855 0.5346388

1024 2209 752 796 1065 1969 720 943 571 1.67E-06 0.00012973

0 0 0 0 0 0 0 0 0 0.09486019 0.2762803

1 0 6 4 4 13 6 7 1 0.45586615 0.70097152

0 0 1 0 1 0 0 0 1 0.68904704 0.90275157

77 236 2497 1587 448 1303 415 2403 1427 0.09177009 0.2762803

116 167 996 2385 239 388 401 260 342 0.94517997 1

0 0 6 0 2 1 0 0 1 0.00211681 0.02098795

23 13 127 71 55 187 31 13 15 0.43839659 0.69611088

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

42 23 36 25 20 18 9 4 16 0.0822486 0.27056701

0 0 1 0 3 2 0 2 0 0.09986078 0.28307267

639 448 4625 5129 1345 6117 2251 1663 1273 0.38800422 0.6368218

0 0 1 27 60 37 0 0 2 0.00010059 0.00260416

0 0 1 1 1 2 0 0 1 0.3028855 0.5346388

5 10 1316 128 23 1242 862 3 255 0.00049045 0.00774742

1891 854 365 314 349 253 89 117 390 5.32E-05 0.00179823

17 33 92 49 46 26 19 19 5 0.52960541 0.76763957

41 45 136 43 50 74 88 63 45 0.98005501 1

0 0 4 11 5 8 1 1 19 0.00170712 0.01828775

12 7 15 12 41 12 7 2 6 0.00929175 0.05660073

14 3 1 3 1 5 8 1 2 3.58E-07 3.33E-05

82 197 253 90 78 52 5 13 20 2.48E-07 2.57E-05

0 0 1 0 0 0 1 1 0 0.71923557 0.90275157

0 0 3 2 1 3 0 0 5 0.03326823 0.13480867

0 0 0 0 2 2 2 2 1 0.07026364 0.24526482

4 20 18 5 20 19 2 1248 2 0.02046083 0.09679945

(continued)
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miRNA 
Information

Breast 
Normal

chromosome start end miRNA strand
SRR 
191548

SRR 
191549

SRR 
191554

SRR 
191578

SRR 
191581

chr9 127455988 127456077 hsa-mir-181b-2 + 159 42 38 46 150

chrX 6301946 6302004 hsa-mir-4770 - 2 0 0 0 0

chr10 18134035 18134122 hsa-mir-511-2 + 50 8 4 9 7

chr19 14640354 14640452 hsa-mir-639 + 1 0 1 0 0

chr2 233415183 233415283 hsa-mir-5001 - 3 0 1 1 0

chr16 70064248 70064325 hsa-mir-1972-2 + 1 1 1 0 0

chrX 146312237 146312361 hsa-mir-506 - 0 0 0 0 0

chr17 65467604 65467701 hsa-mir-548aa-2 + 2 0 1 3 1

chr22 46156403 46156478 hsa-mir-4762 + 0 0 0 0 0

chr1 198828172 198828282 hsa-mir-181a-1 - 1817 787 721 395 1336

chr8 125834219 125834300 hsa-mir-4662b - 2 0 0 1 1

chr19 54169932 54170016 hsa-mir-512-1 + 5 0 0 1 1

chr9 95290265 95290340 hsa-mir-4670 - 2 0 2 0 0

chr8 145625475 145625559 hsa-mir-1234 - 2 0 0 0 0

chr17 27188388 27188456 hsa-mir-451b + 13127 781 1856 163887 5476

chr20 37145205 37145275 hsa-mir-548o-2 + 3 1 1 5 1

chr17 40666205 40666325 hsa-mir-5010 + 9 1 2 2 2

chr11 122017229 122017301 hsa-let-7a-2 - 4626 353 939 5327 4636

chr14 101493436 101493520 hsa-mir-329-2 + 22 1 3 2 7

chr1 178646883 178646969 hsa-mir-4424 + 0 0 0 0 0

chr17 47365707 47365816 hsa-mir-6129 - 2 0 0 1 1

chr2 33643582 33643631 hsa-mir-4430 + 2 0 0 0 0

chr14 101521023 101521096 hsa-mir-134 + 306 152 147 15 79

chr5 71465293 71465367 hsa-mir-4803 + 0 0 0 0 0

chr16 85775226 85775306 hsa-mir-1910 - 0 0 0 0 0

chr3 184970997 184971060 hsa-mir-5588 - 1 0 0 2 2

chr6 30552108 30552194 hsa-mir-877 + 8 1 3 1 2

chr9 125873824 125873922 hsa-mir-600 - 0 0 0 0 0

chr15 89151337 89151428 hsa-mir-1179 + 6 1 0 1 3

chr2 56216084 56216194 hsa-mir-216a - 2 1 1 1 3

chr8 1765396 1765473 hsa-mir-596 + 0 0 0 0 0

chr2 35696470 35696552 hsa-mir-548ad + 1 0 1 6 2

chr10 53059332 53059415 hsa-mir-605 + 1 0 0 0 0

chr17 29887014 29887102 hsa-mir-193a + 2754 779 1825 379 338

chr17 29902287 29902377 hsa-mir-4725 + 0 0 0 0 0

chr19 6416420 6416522 hsa-mir-3940 - 2 0 1 0 0

chr2 207974710 207974797 hsa-mir-2355 - 17 0 1 3 4

chr22 31127543 31127628 hsa-mir-3200 + 2 1 0 3 0

chr14 95604255 95604323 hsa-mir-3173 - 4 2 0 0 0

chr13 92003445 92003532 hsa-mir-19b-1 + 7383 2173 530 1557 2244

chr2 112528637 112528711 hsa-mir-4771-2 - 0 0 0 0 0

chr17 57228496 57228582 hsa-mir-301a - 52 0 2 84 25

chr13 115009979 115010036 hsa-mir-548ar + 2 0 0 1 1

chr15 64163128 64163218 hsa-mir-422a - 53 22 43 1 5

Table S4  (continued)
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Breast 
IDC

SRR 
191582

SRR 
191617

SRR 
191602

SRR 
191603

SRR 
191604

SRR 
191605

SRR 
191615

SRR 
191622

SRR 
191631 p-value adj-p-value

70 114 411 195 446 406 89 874 443 0.46259348 0.70332321

0 1 0 0 0 0 0 0 0 0.0135387 0.07269882

13 5 26 16 11 13 3 14 6 0.0559964 0.20228156

0 0 0 0 0 0 0 0 0 0.09486019 0.2762803

0 1 4 5 1 9 3 2 0 0.7047163 0.90275157

1 0 2 3 2 6 2 2 1 0.53899964 0.77470615

0 0 1 0 0 0 1 0 0 1 1

1 2 15 12 7 13 12 25 12 0.09642618 0.27737408

0 0 1 0 0 0 0 0 0 1 1

676 803 3158 1459 2953 2036 462 2653 2653 0.75981099 0.92688984

0 0 12 4 1 93 2 2 1 0.01705688 0.08455859

2 1 4 0 2 0 1 2 0 0.1022153 0.28437213

0 2 0 0 0 0 0 0 0 0.00289228 0.0256724

0 0 0 0 0 0 0 0 0 0.09486019 0.2762803

3409 8109 6793 2032 2083 1434 2664 566 806 7.01E-18 3.27E-15

3 1 22 10 9 22 14 16 9 0.23130614 0.50963907

1 0 3 0 3 5 1 0 2 0.05378474 0.19657794

3625 6232 33644 21905 22588 21226 5100 5045 4927 0.45651308 0.70097152

13 4 11 6 6 11 1 2 7 0.04232522 0.16204427

0 0 2 0 0 0 2 0 0 0.68634274 0.90275157

0 2 1 0 1 1 1 2 0 0.15381403 0.37824452

1 1 0 0 0 0 0 0 0 0.00513831 0.0368377

106 43 24 41 70 32 25 18 37 0.00100446 0.01245739

0 0 1 0 0 0 0 0 0 1 1

0 0 1 0 0 0 0 0 2 0.71923557 0.90275157

0 0 0 0 0 0 0 0 0 0.00398986 0.03124828

2 1 4 7 9 19 9 28 4 0.53867996 0.77470615

0 0 1 0 0 1 0 0 0 1 1

0 0 2 0 1 0 2 0 0 0.01224127 0.06956623

1 1 6 1 2 0 0 1 0 0.14279757 0.35872596

0 0 1 1 0 0 0 0 0 1 1

3 2 7 5 3 11 4 4 6 0.94394499 1

0 0 2 0 0 0 0 0 0 1 1

529 890 2435 1267 1240 2527 838 1355 897 0.22343615 0.49818777

0 0 1 2 4 5 0 1 0 0.0489372 0.18317057

0 0 0 0 0 0 0 0 0 0.0141554 0.07411706

2 1 15 20 27 24 28 27 4 0.43310351 0.69118574

3 1 9 28 35 57 12 21 6 0.02347959 0.10571486

1 0 1 4 2 4 0 1 0 0.38759415 0.6368218

1646 1677 8262 5344 2344 2105 5066 1470 2691 0.24645472 0.51361322

0 0 1 0 0 0 0 0 0 1 1

26 39 516 221 177 250 157 609 265 0.08296394 0.27130663

0 0 1 2 1 4 1 2 0 1 1

4 5 1 6 5 11 0 2 0 0.00010367 0.00261146
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miRNA 
Information

Breast 
Normal

chromosome start end miRNA strand
SRR 
191548

SRR 
191549

SRR 
191554

SRR 
191578

SRR 
191581

chr17 26687676 26687757 hsa-mir-4723 + 1 0 1 0 0

chr14 101488402 101488469 hsa-mir-379 + 156 13 50 27 127

chr7 73605527 73605624 hsa-mir-590 + 28 2 0 41 14

chr9 97848295 97848376 hsa-mir-3074 - 17270 4678 4271 1979 4685

chr2 189842818 189842887 hsa-mir-1245b - 0 0 0 0 0

chr12 100583661 100583727 hsa-mir-1827 + 3 0 0 1 1

chr19 4445974 4446045 hsa-mir-4746 + 1 0 0 0 0

chrX 85158640 85158712 hsa-mir-361 - 280 96 111 136 159

chr10 12172758 12172815 hsa-mir-548ak - 1 1 1 3 1

chr19 1816157 1816237 hsa-mir-1909 - 1 0 0 0 0

chr14 100774195 100774293 hsa-mir-345 + 225 66 40 73 78

chr6 32137806 32137893 hsa-mir-6721 - 1 0 0 0 0

chr19 54188262 54188345 hsa-mir-515-2 + 3 0 1 1 1

chr15 79502129 79502213 hsa-mir-184 + 2 1 3 0 2

chr15 21145580 21145662 hsa-mir-5701-1 + 1 3 0 0 1

chr2 241395417 241395506 hsa-mir-149 + 64 18 21 12 15

chr3 10371912 10371969 hsa-mir-378b + 21 15 23 3 3

chr17 1953201 1953302 hsa-mir-132 - 122 21 11 27 186

chr19 54228695 54228780 hsa-mir-516b-2 + 1 0 0 0 0

chr2 177015030 177015140 hsa-mir-10b + 3050 172 290 2240 2492

chr17 35974975 35975084 hsa-mir-378j - 10 2 4 0 1

chr19 54209505 54209590 hsa-mir-526a-1 + 0 1 0 0 0

chr3 188406568 188406654 hsa-mir-28 + 1096 215 228 323 635

chr4 61788336 61788402 hsa-mir-
548ag-1

+ 0 0 0 0 0

chr11 62560173 62560243 hsa-mir-6514 - 0 0 0 0 0

chr6 72113253 72113324 hsa-mir-30a - 5210 788 536 2074 4187

chr1 161196975 161197051 hsa-mir-5187 + 1 3 4 0 1

chr21 26946291 26946356 hsa-mir-155 + 13 2 3 44 17

chr8 14710946 14711019 hsa-mir-383 - 10 37 0 1 6

chr19 52196506 52196592 hsa-mir-125a + 5842 2652 4042 1163 1677

chr1 171070868 171070947 hsa-mir-1295a - 1 2 0 1 1

chr11 18409333 18409407 hsa-mir-3159 + 4 5 1 0 2

chr22 41209886 41209962 hsa-mir-4766 - 2 0 0 0 1

chr19 54254464 54254551 hsa-mir-522 + 1 2 0 1 1

chr2 110844009 110844100 hsa-mir-
4436b-1

- 0 0 0 0 0

chr4 13629488 13629581 hsa-mir-5091 + 0 0 0 0 0

chr12 66644861 66644937 hsa-mir-6502 + 2 0 0 0 1

chr22 46509565 46509648 hsa-let-7b + 28839 8701 20323 5542 9399

chr14 101521594 101521660 hsa-mir-668 + 1 0 0 0 0

chrX 137749871 137749954 hsa-mir-504 - 47 10 16 7 13

chr6 107231999 107232095 hsa-mir-587 + 0 0 0 0 0

chr10 100191048 100191117 hsa-mir-4685 - 3 0 0 0 0
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Breast 
IDC

SRR 
191582

SRR 
191617

SRR 
191602

SRR 
191603

SRR 
191604

SRR 
191605

SRR 
191615

SRR 
191622

SRR 
191631 p-value adj-p-value

0 0 1 0 0 0 1 0 0 0.30692987 0.53593028

55 118 112 100 145 80 22 23 73 0.09992587 0.28307267

13 28 243 239 58 155 112 120 331 0.08244746 0.27056701

2702 3894 18180 17419 28589 38150 7392 12558 8786 0.83921735 0.98881235

0 0 1 1 1 1 0 1 2 0.28679032 0.52204801

5 0 1 1 1 1 3 1 1 0.12263158 0.32014743

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

90 147 2046 1124 484 1160 474 556 524 0.25938293 0.51361322

1 3 5 8 3 6 2 7 1 1 1

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

69 69 177 433 686 1232 1042 334 228 0.19030035 0.44339981

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

4 1 2 0 0 1 1 1 0 0.0277968 0.11775735

1 3 138 385 213 23795 10 56 13 3.07E-12 9.53E-10

0 0 0 0 0 0 0 0 0 0.0087498 0.05436539

11 15 859 183 405 538 80 77 216 0.03717003 0.14730381

3 18 2 0 3 7 5 3 1 0.00067211 0.00958327

124 208 201 135 103 150 31 48 140 0.14787942 0.36557988

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

1607 3130 4084 2280 1671 1476 2333 941 2796 0.10147379 0.28400472

0 2 0 0 0 0 0 0 0 6.71E-06 0.0004466

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

467 606 2052 1348 1457 2005 839 2199 1269 0.89898923 1

0 0 2 1 0 1 0 0 0 0.68634275 0.90275157

0 0 1 0 0 0 0 0 0 1 1

2200 5631 31834 5115 3075 2298 10546 5129 1749 0.97334299 1

0 0 1 3 4 1 0 0 1 0.27098826 0.51361322

9 57 410 826 332 393 1080 463 366 0.00119746 0.01412704

0 4 0 0 0 0 0 0 0 2.86E-08 4.44E-06

1113 1220 9373 4318 4808 5501 160 2623 1537 0.26479955 0.51361322

1 1 5 3 4 6 1 1 2 1 1

0 1 10 6 7 11 4 9 3 0.65533621 0.89085875

0 0 0 0 0 0 0 0 0 0.0135387 0.07269882

2 0 1 1 15 4 1 107 1 0.01038029 0.06157765

0 0 1 0 0 1 0 0 0 1 1

0 0 1 0 0 0 0 0 0 1 1

1 0 0 0 0 0 0 0 0 0.00490233 0.03605237

6055 6114 53328 32675 57678 15657 3232 4106 4477 0.37547054 0.62266644

0 1 0 0 0 0 0 0 0 0.09486019 0.2762803

15 8 91 15 44 90 77 28 5 0.99230885 1

0 0 1 1 0 0 0 0 0 1 1

0 0 0 0 0 0 0 0 0 0.0135387 0.07269882
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miRNA 
Information

Breast 
Normal

chromosome start end miRNA strand
SRR 
191548

SRR 
191549

SRR 
191554

SRR 
191578

SRR 
191581

chr1 51525508 51525577 hsa-mir-4421 + 6 0 0 0 0

chr4 5925001 5925055 hsa-mir-378d-1 - 166 130 161 29 41

chrX 133674214 133674292 hsa-mir-450b - 36 1 2 7 10

chr10 104196268 104196341 hsa-mir-146b + 896 409 250 204 993

chr11 72326106 72326174 hsa-mir-139 - 329 38 136 110 65

chr19 54216600 54216688 hsa-mir-519d + 2 0 0 1 0

chr1 94312387 94312467 hsa-mir-760 + 5 3 3 0 0

chr1 71533313 71533399 hsa-mir-186 - 1962 405 212 389 1251

chr1 10287775 10287861 hsa-mir-1273d + 3 0 1 0 0

chr19 54223349 54223436 hsa-mir-520d + 1 0 1 0 1

chr16 88535325 88535439 hsa-mir-5189 + 1 0 0 0 0

chr5 128732754 128732840 hsa-mir-4460 - 3 0 1 1 0

chr4 160049953 160050046 hsa-mir-3688-1 - 2 1 0 1 0

chr10 35930099 35930180 hsa-mir-4683 - 1 1 1 0 0

chr5 87962670 87962757 hsa-mir-9-2 - 34 1 0 16 34

chr9 131006999 131007109 hsa-mir-199b - 3426 215 1020 3538 2943

chr11 101390550 101390636 hsa-mir-3920 - 0 0 0 0 0

chr5 159912358 159912457 hsa-mir-146a + 1343 1070 1303 377 854

chr3 15738804 15738878 hsa-mir-3134 - 0 0 0 0 0

chr20 50069441 50069514 hsa-mir-3194 - 3 2 0 0 0

chr19 46522189 46522307 hsa-mir-769 + 330 146 110 20 77

chr7 32772592 32772689 hsa-mir-550b-2 - 6 5 4 2 4

chr2 219267368 219267445 hsa-mir-26b + 1587 90 70 2640 1141

chr3 113313722 113313789 hsa-mir-4446 + 1 0 0 0 0

chr12 7072861 7072929 hsa-mir-200c + 581 33 55 692 1543

chr3 35785967 35786051 hsa-mir-128-2 + 32 4 8 24 15

chr14 101512256 101512331 hsa-mir-381 + 29 2 1 37 33

chr12 128729050 128729118 hsa-mir-4419b + 2 0 1 0 0

chr16 67236223 67236298 hsa-mir-328 - 268 183 210 25 36

chrX 105883043 105883126 hsa-mir-548an + 1 0 0 0 1

chr22 42319225 42319301 hsa-mir-378i - 263 196 157 28 104

chr3 52328234 52328324 hsa-mir-135a-1 - 4 0 1 3 2

chrX 49773571 49773636 hsa-mir-362 + 194 88 89 43 61

chr11 96074601 96074690 hsa-mir-1260b + 461 153 207 76 106

chr15 66789295 66789372 hsa-mir-4512 - 204 37 123 8 35

chr7 93113247 93113331 hsa-mir-489 - 11 0 0 2 0

chr9 36864250 36864305 hsa-mir-4540 - 0 0 0 0 0

chr2 207647957 207648032 hsa-mir-3130-1 - 1 1 2 1 1

chr8 135817118 135817188 hsa-mir-30d - 2835 388 425 1206 1342

chr10 124176480 124176583 hsa-mir-3941 + 1 0 0 0 1

chr16 18437869 18437936 hsa-mir-
6511a-4

- 2 1 0 0 0

chr9 97847726 97847823 hsa-mir-27b + 3346 379 621 1495 1225

chrX 20035205 20035305 hsa-mir-23c - 8 2 0 6 6
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Breast 
IDC

SRR 
191582

SRR 
191617

SRR 
191602

SRR 
191603

SRR 
191604

SRR 
191605

SRR 
191615

SRR 
191622

SRR 
191631 p-value adj-p-value

1 1 1 0 0 0 0 0 0 0.00095745 0.01205865

23 36 13 15 15 36 15 7 5 0.00014083 0.00329431

23 32 50 26 33 55 45 104 108 0.68002703 0.90275157

771 1198 1303 1686 758 1349 1692 1624 1909 0.70740329 0.90275157

38 165 214 78 53 46 2 17 17 0.00672966 0.04512258

3 0 1 0 0 1 0 7 1 0.45922556 0.70097152

1 56 0 0 0 0 0 0 0 3.06E-09 7.13E-07

542 582 2334 1837 1175 2887 2274 1512 1152 0.77242468 0.93372218

1 1 5 6 2 4 3 2 3 0.72178144 0.90295342

3 1 0 0 0 0 0 0 0 0.00154916 0.01684238

1 0 0 0 0 0 0 0 0 0.09486019 0.2762803

0 0 0 0 0 0 0 0 0 0.00321004 0.02744727

1 0 0 0 0 0 0 0 0 0.00491272 0.03605237

0 0 0 0 0 0 0 0 0 0.02636789 0.11377256

79 37 43 18 39 264 27 10 22 0.5119816 0.75501085

5008 3224 14929 10338 11871 11192 2327 2931 4531 0.99493753 1

0 0 1 0 0 1 0 0 0 1 1

578 935 1103 2105 956 1449 2273 587 604 0.26508899 0.51361322

0 0 1 1 0 0 0 0 1 0.71923557 0.90275157

0 0 1 0 0 1 2 3 4 0.85688826 1

50 56 392 204 166 280 693 393 96 0.94021726 1

2 2 9 5 8 12 4 7 3 0.58836073 0.82088653

692 3245 16763 7508 4051 6152 5104 2815 3596 0.37685158 0.62384667

0 0 7 9 7 11 5 0 0 0.01834782 0.08961841

586 1289 9198 7884 5298 9616 4186 6940 5262 0.03434349 0.13856336

13 20 191 210 116 322 47 124 67 0.14198853 0.3576576

78 77 196 95 118 103 15 21 91 0.75111055 0.92109872

0 0 1 0 0 1 1 0 0 0.45805662 0.70097152

32 15 135 94 205 120 19 5 2 0.06034705 0.21632095

1 1 2 0 2 3 0 0 7 0.85769997 1

33 67 23 18 30 86 24 20 21 0.00068373 0.00958327

4 7 25 3 0 1 2 6 3 0.46760359 0.70862854

31 34 182 161 168 199 545 84 98 0.99468894 1

176 102 782 827 632 1942 229 254 287 0.73857183 0.91507608

22 2 20 16 34 26 20 10 5 0.001032 0.01245739

1 2 1 4 2 5 0 0 0 0.02084234 0.09761335

0 0 1 0 0 0 0 0 0 1 1

0 0 3 1 3 7 1 1 0 1 1

933 1741 14213 6141 9320 12162 7699 3055 4954 0.16670058 0.40145979

0 0 2 2 0 0 0 0 0 0.71348377 0.90275157

0 0 0 0 1 2 0 0 0 0.45613637 0.70097152

1342 1872 7720 8572 8984 15433 3357 7298 4647 0.28191101 0.51822695

5 1 36 37 18 48 12 27 16 0.23477737 0.51361322
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miRNA 
Information

Breast 
Normal

chromosome start end miRNA strand
SRR 
191548

SRR 
191549

SRR 
191554

SRR 
191578

SRR 
191581

chr15 89155077 89155155 hsa-mir-3529 - 77 3 20 30 30

chr9 35608090 35608156 hsa-mir-4667 + 1 1 0 0 0

chr16 593276 593366 hsa-mir-3176 + 0 0 0 0 0

chr7 150935506 150935624 hsa-mir-671 + 255 247 138 16 46

chr18 56118311 56118384 hsa-mir-3591 - 6 0 5 0 3

chr7 129410222 129410332 hsa-mir-182 - 325 37 194 73 126

chr14 101489661 101489757 hsa-mir-411 + 39 1 0 19 18

chr6 33175611 33175721 hsa-mir-219-1 + 18 8 5 1 4

chrX 32601772 32601869 hsa-mir-3915 - 1 0 0 0 0

chr19 52196038 52196117 hsa-let-7e + 1265 70 174 640 676

chr1 243509477 243509557 hsa-mir-4677 + 1 0 1 0 0

chrX 83480759 83480836 hsa-mir-548i-4 - 0 0 0 0 0

chr19 47212549 47212602 hsa-mir-320e - 32 40 25 2 11

chrX 73438383 73438453 hsa-mir-374c + 33 9 3 305 98

chr8 104166841 104166917 hsa-mir-3151 + 1 0 0 0 0

chr14 101500091 101500173 hsa-mir-495 + 83 5 6 28 84

chr7 151130574 151130725 hsa-mir-3907 - 1 0 4 0 0

chr11 68850643 68850726 hsa-mir-3164 + 0 0 0 0 0

chr5 100152185 100152269 hsa-mir-548p - 1 0 0 2 0

chrX 109298556 109298654 hsa-mir-652 + 583 89 336 134 174

chr15 22156765 22156847 hsa-mir-5701-2 + 1 3 0 0 1

chr14 101532248 101532328 hsa-mir-410 + 9 0 1 2 5

chr14 100575991 100576090 hsa-mir-342 + 477 79 140 101 199

chr9 96941115 96941202 hsa-let-7d + 2752 306 971 1372 1495

chr2 189997761 189997837 hsa-mir-3129 - 0 0 0 0 0

chr1 162312335 162312430 hsa-mir-556 + 3 1 0 1 6

chr16 50776215 50776288 hsa-mir-3181 + 0 0 0 0 0

chr17 77680984 77681058 hsa-mir-4739 - 1 0 0 0 0

chr9 28888876 28888953 hsa-mir-873 - 7 2 8 0 1

chr22 45596834 45596900 hsa-mir-1249 - 28 8 12 0 3

chr8 10892715 10892812 hsa-mir-598 - 232 144 379 82 18

chr6 16141786 16141855 hsa-mir-4639 + 0 0 0 0 0

chr17 7126615 7126698 hsa-mir-324 - 449 197 259 92 112

chr5 9053927 9054007 hsa-mir-4636 - 2 0 0 1 2

chr17 65467604 65467701 hsa-mir-548d-2 - 1 0 0 2 1

chr1 53394345 53394444 hsa-mir-1273f + 5 2 1 0 3

chr17 54968630 54968716 hsa-mir-3614 - 1 0 1 2 0

chr10 65132716 65132808 hsa-mir-1296 - 11 2 5 4 1

chr15 75081012 75081098 hsa-mir-4513 - 0 0 0 0 0

chr1 172107947 172108028 hsa-mir-3120 + 375 93 86 60 80

chr14 101531934 101532004 hsa-mir-369 + 46 1 2 56 70

chr13 42142421 42142531 hsa-mir-5006 - 0 0 0 0 0

chrX 146318430 146318545 hsa-mir-508 - 0 0 0 0 0

chr5 153726665 153726807 hsa-mir-1294 + 1 1 1 0 0
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Breast 
IDC

SRR 
191582

SRR 
191617

SRR 
191602

SRR 
191603

SRR 
191604

SRR 
191605

SRR 
191615

SRR 
191622

SRR 
191631 p-value adj-p-value

17 20 359 322 480 2243 869 429 256 0.00284625 0.02550681

0 0 0 0 0 0 0 0 0 0.09486019 0.2762803

0 0 5 1 6 4 2 3 3 0.00860239 0.05436539

51 3 145 85 200 142 37 21 12 0.09081228 0.2762803

0 2 0 0 0 0 0 0 0 2.11E-05 0.00093731

93 169 1350 1405 2728 4265 1013 1542 1232 0.01876746 0.09110039

19 74 149 96 42 105 8 37 96 0.98315097 1

3 3 8 15 14 12 12 3 10 0.4734852 0.71405858

0 0 1 0 0 1 1 0 1 1 1

539 1110 5706 5101 5093 3431 717 3150 1171 0.32075469 0.55462593

0 1 2 7 1 4 2 8 6 0.1562316 0.38217284

0 0 1 0 0 2 0 1 0 0.68634275 0.90275157

3 3 11 4 15 3 1 2 2 0.00232086 0.02229942

76 175 1113 974 294 1414 4004 918 467 0.00966283 0.05810166

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

58 67 44 37 39 33 22 17 50 0.03159401 0.13029034

0 0 0 0 0 0 0 0 0 0.00902398 0.05533126

0 0 1 0 0 0 0 0 0 1 1

0 0 4 4 2 2 1 4 2 0.32687267 0.56415802

84 119 360 311 229 425 333 136 111 0.19804961 0.45463605

0 0 0 0 0 0 0 0 0 0.0087498 0.05436539

4 20 27 18 4 21 5 2 10 0.53293924 0.77007654

172 133 6209 1104 555 2737 694 367 465 0.10673556 0.29258101

1277 1120 5708 7124 7250 4750 2440 1785 1372 0.86450822 1

0 0 3 7 2 4 2 0 2 0.01643535 0.08279864

3 11 51 10 7 11 42 9 17 0.28033749 0.51635286

0 0 1 0 0 0 0 0 0 1 1

1 0 0 0 0 0 0 0 0 0.09486019 0.2762803

1 0 1 4 16 0 5 0 2 0.38878928 0.6368218

1 0 8 21 24 20 2 3 7 0.36302631 0.60852611

50 37 95 67 54 84 7 25 25 0.00443557 0.03388486

0 0 2 1 0 0 0 0 0 0.71923558 0.90275157

123 94 354 292 389 529 282 290 77 0.43114509 0.69083642

1 3 1 2 0 2 0 1 0 0.05419784 0.19731401

1 1 12 10 6 11 10 21 10 0.04546696 0.17155953

0 0 7 3 3 3 1 4 2 0.59292944 0.8235622

0 0 6 8 0 2 19 1 3 0.11990313 0.3139037

1 9 39 63 39 87 8 9 9 0.22015417 0.49204721

0 0 1 0 0 0 0 0 0 1 1

84 86 243 248 307 266 42 167 241 0.40593342 0.6591114

83 90 203 138 126 111 59 18 89 0.59258355 0.8235622

0 0 1 0 0 0 0 1 0 1 1

0 0 2 0 0 1 4 0 2 0.07025388 0.24526482

1 0 1 4 7 7 0 4 1 0.35314621 0.59625411
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miRNA 
Information

Breast 
Normal

chromosome start end miRNA strand
SRR 
191548

SRR 
191549

SRR 
191554

SRR 
191578

SRR 
191581

chrX 153246548 153246627 hsa-mir-3202-2 - 1 0 0 0 0

chr3 195426271 195426368 hsa-mir-570 + 1 1 0 4 2

chr19 50357847 50357908 hsa-mir-4749 + 1 0 0 0 0

chr1 220291498 220291583 hsa-mir-194-1 - 36 6 4 28 16

chr3 69098108 69098186 hsa-mir-3136 - 1 0 0 0 0

chrX 37883147 37883239 hsa-mir-548aj-2 - 2 0 0 2 2

chr2 111042429 111042520 hsa-mir-
4436b-2

+ 0 0 0 0 0

chr11 74110281 74110378 hsa-mir-548al + 2 1 0 0 2

chr11 79133212 79133270 hsa-mir-5579 - 0 0 0 0 0

chr13 92003567 92003645 hsa-mir-92a-1 + 215 57 79 409 209

chr12 97957589 97957689 hsa-mir-135a-2 + 9 2 3 3 4

chr19 54177450 54177574 hsa-mir-498 + 1 0 0 0 0

chr21 17911408 17911489 hsa-mir-99a + 13414 6547 3467 3951 7922

chr3 19356339 19356423 hsa-mir-4791 - 1 1 2 0 0

chr9 127454720 127454830 hsa-mir-181a-2 + 1830 791 725 392 1324

chr17 1617196 1617281 hsa-mir-22 - 59075 20967 45709 7861 11657

chr14 65937819 65937904 hsa-mir-625 + 59 11 25 16 6

chr11 74431312 74431382 hsa-mir-4696 - 1 0 0 0 0

chr14 104583754 104583840 hsa-mir-203b - 88 4 21 47 124

chr11 71783273 71783348 hsa-mir-3165 - 0 0 0 0 0

chr20 57392669 57392749 hsa-mir-296 - 62 37 45 4 8

chr9 97848302 97848370 hsa-mir-24-1 + 8799 2377 2169 1017 2380

chr14 23426158 23426238 hsa-mir-4707 - 0 0 0 0 0

chrX 7065900 7065978 hsa-mir-4767 + 0 0 0 0 0

chr21 17912147 17912231 hsa-let-7c + 7631 952 2074 2566 3950

chr8 22102474 22102556 hsa-mir-320a - 10074 6821 8313 1362 3652

chrX 53584152 53584235 hsa-let-7f-2 - 4107 300 1442 5288 7422

chrX 133675370 133675467 hsa-mir-542 - 641 24 39 35 239

chr1 9211726 9211836 hsa-mir-34a - 975 117 127 231 241

chr15 22049273 22049348 hsa-mir-3118-6 + 0 0 0 0 0

chr5 109849529 109849616 hsa-mir-548f-3 - 1 0 0 0 1

chr13 41301963 41302011 hsa-mir-320d-1 - 25 45 31 4 15

chr17 46657199 46657309 hsa-mir-10a - 909 90 110 643 580

chr9 92785722 92785817 hsa-mir-4290 - 0 0 0 0 0

chr14 101348222 101348315 hsa-mir-433 + 27 4 1 2 5

chr10 23682333 23682396 hsa-mir-1254-2 + 2 2 3 1 0

chr8 120337410 120337505 hsa-mir-548az + 2 1 0 4 1

chrX 133303700 133303796 hsa-mir-19b-2 - 7376 2161 527 1558 2240

chr1 19209695 19209769 hsa-mir-4695 - 1 0 0 0 0

chr5 54466359 54466450 hsa-mir-449a - 2 0 0 0 0

chrX 140008336 140008384 hsa-mir-320d-2 - 24 45 31 4 15

chr14 101513657 101513735 hsa-mir-539 + 29 0 0 7 12

chr12 81329514 81329612 hsa-mir-618 - 2 4 3 3 0
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Breast 
IDC

SRR 
191582

SRR 
191617

SRR 
191602

SRR 
191603

SRR 
191604

SRR 
191605

SRR 
191615

SRR 
191622

SRR 
191631 p-value adj-p-value

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

0 4 4 7 4 11 8 14 10 0.44674348 0.70097152

0 0 1 0 0 1 0 0 0 1 1

13 20 122 75 75 257 149 55 113 0.23414495 0.51361322

0 1 2 1 2 8 0 1 2 0.26778987 0.51361322

2 0 8 5 1 11 3 4 2 0.63380131 0.86868062

0 0 1 0 0 1 0 0 0 1 1

0 0 1 0 2 7 1 2 0 0.85609113 1

0 0 1 1 0 0 0 0 0 1 1

115 417 6129 1826 735 1540 203 424 463 0.18674037 0.44061272

5 8 29 3 1 3 4 6 3 0.27420549 0.51361322

0 1 0 0 0 0 0 0 0 0.09486019 0.2762803

6958 5595 6273 4268 3615 4186 610 1604 3831 0.0002366 0.00469175

1 2 2 3 1 2 6 3 1 1 1

661 818 3071 1397 2907 2042 357 2689 2455 0.71619731 0.90275157

5572 7349 14209 21608 34851 27999 11867 10505 15841 0.00175633 0.01860114

41 6 171 144 51 322 152 42 132 0.30601537 0.53593028

0 0 1 0 0 0 0 0 0 0.34426564 0.58337378

78 193 1170 2044 4435 1672 1177 159 1351 0.00257074 0.02360966

0 0 1 0 0 0 0 0 0 1 1

17 9 63 24 23 29 6 5 8 0.08364559 0.27257933

1384 1994 9391 8940 14651 19581 3799 6418 4537 0.83551167 0.98753789

0 0 2 0 7 19 0 1 1 0.00893971 0.05517756

0 0 1 0 1 1 0 0 0 0.71923558 0.90275157

2901 3632 6812 5327 4748 4400 405 1238 801 0.03471838 0.13947213

2864 1160 2095 1746 3159 2426 821 842 694 1.24E-05 0.00063984

5518 7258 23493 21135 17903 15621 32109 9860 10275 0.55403944 0.79073

261 203 282 104 232 158 514 339 183 0.16791677 0.40334647

157 375 3414 1943 2595 7210 886 498 729 0.16976208 0.40673074

0 0 1 1 0 0 0 0 0 1 1

2 0 1 3 0 1 0 0 0 0.26416253 0.51361322

11 6 9 6 22 7 6 2 3 0.00614173 0.04208889

429 729 2461 7194 2438 2627 603 588 1407 0.42122847 0.67803961

0 0 1 0 0 0 0 0 0 1 1

15 5 17 14 14 14 1 4 2 0.09526949 0.27628247

2 0 3 2 1 1 1 2 1 0.23568817 0.51361322

2 2 5 1 2 13 10 3 5 0.88077094 1

1632 1673 8323 5363 2337 2119 5114 1469 2714 0.254266 0.51361322

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

0 2 15 245 92 40 4 2 246 7.25E-06 0.00045065

11 6 9 6 22 7 6 2 3 0.00635862 0.04325719

31 15 23 24 18 12 9 10 10 0.1150536 0.30549845

2 0 17 8 2 1 5 0 0 0.87597952 1
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miRNA 
Information

Breast 
Normal

chromosome start end miRNA strand
SRR 
191548

SRR 
191549

SRR 
191554

SRR 
191578

SRR 
191581

chr9 94398532 94398643 hsa-mir-3910-1 + 3 1 0 1 0

chr2 161264320 161264393 hsa-mir-4785 - 2 1 2 0 1

chr3 32547774 32547881 hsa-mir-548ay - 2 0 0 3 1

chr7 97592969 97593038 hsa-mir-
5692a-1

+ 0 0 0 0 0

chr11 87909669 87909761 hsa-mir-3166 + 2 2 0 0 0

chr9 21512113 21512184 hsa-mir-31 - 102 22 72 23 40

chr17 57215118 57215233 hsa-mir-454 - 5 2 1 25 3

chr7 130561505 130561569 hsa-mir-29a - 7865 583 478 4294 3534

chr15 89911247 89911337 hsa-mir-9-3 + 31 1 0 16 33

chr17 56408592 56408679 hsa-mir-142 - 1040 165 575 2542 567

chr10 135061014 135061124 hsa-mir-202 - 3 3 0 10 0

chrX 49767753 49767844 hsa-mir-532 + 305 64 53 82 77

chr19 54244566 54244661 hsa-mir-517c + 2 0 0 0 0

chr14 101507118 101507186 hsa-mir-376a-1 + 533 251 36 119 230

chr4 8007027 8007108 hsa-mir-95 - 12 0 2 6 9

chr5 170813659 170813764 hsa-mir-3912 - 2 1 0 3 0

chr5 169455491 169455570 hsa-mir-378e + 14 11 7 0 4

chr14 101491353 101491414 hsa-mir-380 + 3 1 0 1 1

chrX 146341169 146341244 hsa-mir-509-3 - 0 0 0 0 0

chrX 49779205 49779291 hsa-mir-502 + 100 50 33 31 36

chr14 101526091 101526175 hsa-mir-154 + 38 1 2 3 20

chr8 128972878 128972941 hsa-mir-1205 + 1 0 0 0 0

chr14 101335396 101335485 hsa-mir-493 + 13 1 1 2 7

chr12 58218391 58218475 hsa-mir-26a-2 - 4163 378 334 3322 2742

chr19 54210706 54210793 hsa-mir-520c + 1 0 0 1 0

chrX 11336733 11336806 hsa-mir-548ax - 1 0 0 1 1

chr11 28078361 28078457 hsa-mir-610 + 1 0 0 0 0

chrX 108297771 108297820 hsa-mir-6087 + 14 9 20 0 1

chr19 20579239 20579322 hsa-mir-1270-2 - 4 1 2 1 1

chr18 33514050 33514105 hsa-mir-3929 - 2 1 0 1 2

chr17 57443443 57443515 hsa-mir-4729 + 0 0 0 0 0

chr11 79113065 79113153 hsa-mir-708 - 744 50 57 107 93

chr7 102046188 102046302 hsa-mir-548o - 1 0 0 1 1

chr3 114462291 114462372 hsa-mir-4796 - 0 0 0 0 0

chr22 33832567 33832655 hsa-mir-4764 - 1 0 0 0 0

chr20 3898140 3898218 hsa-mir-103a-2 + 3006 460 344 1185 2097

chr8 144815252 144815323 hsa-mir-4664 - 1 0 0 0 1

chr17 79106995 79107108 hsa-mir-1250 - 1 0 0 0 0

chr8 125834226 125834293 hsa-mir-4662a + 2 0 0 1 1

chr14 48230197 48230307 hsa-mir-548y - 1 1 3 1 3

chr1 3477258 3477354 hsa-mir-551a - 3 1 1 1 0

chr8 9599181 9599278 hsa-mir-597 + 2 0 1 1 1

chr4 148265780 148265869 hsa-mir-548g - 2 0 0 3 2
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Breast 
IDC

SRR 
191582

SRR 
191617

SRR 
191602

SRR 
191603

SRR 
191604

SRR 
191605

SRR 
191615

SRR 
191622

SRR 
191631 p-value adj-p-value

0 0 0 0 0 0 0 0 0 0.00355881 0.02935229

0 1 1 1 1 2 0 1 0 0.19778847 0.45463605

2 2 11 7 4 11 7 14 7 0.3061858 0.53593028

0 0 3 0 1 3 1 0 1 0.11092121 0.30003945

0 0 1 0 2 0 0 0 2 0.58122758 0.81581943

48 44 30 24 42 34 21 3 11 0.00782708 0.05061433

6 6 311 100 41 63 45 96 83 0.02673983 0.11484571

3085 2325 21820 22796 12054 27941 3140 6503 5196 0.46959136 0.71048562

80 37 45 17 39 265 26 9 22 0.52416426 0.76330157

500 1089 8547 23327 1909 7516 27952 4111 4007 0.01506782 0.07673885

2 3 23 13 0 1 12 2 1 0.82816001 0.9832422

71 98 310 255 287 407 884 232 94 0.7956863 0.95441394

0 0 1 0 0 1 2 23 1 0.07503755 0.25419227

590 264 170 120 156 109 24 23 73 0.00087951 0.0113848

2 6 168 73 34 139 53 29 22 0.04144446 0.16204427

0 3 12 2 4 1 7 4 2 0.78607726 0.9441031

0 1 0 0 1 1 0 1 0 1.93E-05 0.00093731

3 3 5 5 0 1 0 0 1 0.14770097 0.36557988

0 0 0 0 0 0 1 0 1 1 1

41 24 87 134 117 173 212 82 37 0.96044324 1

21 21 36 26 24 40 3 5 18 0.19221721 0.44453211

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

12 10 54 66 68 97 10 3 39 0.24166016 0.51361322

1565 4927 20607 11540 6520 22627 4988 8182 10370 0.37227288 0.62067679

1 0 0 0 0 0 0 0 0 0.01496683 0.07664331

1 1 9 9 5 7 1 7 4 0.20284475 0.46222814

1 0 0 0 0 0 0 0 0 0.09486019 0.2762803

0 0 2 1 2 2 0 2 0 0.00053138 0.00811876

2 1 1 1 7 16 1 2 1 0.70882537 0.90275157

1 0 2 3 2 6 0 1 0 0.5239792 0.76330157

0 0 3 0 1 0 0 0 0 0.68634275 0.90275157

92 81 452 574 816 914 206 337 735 0.98631416 1

1 1 13 5 2 8 9 8 5 0.11968387 0.3139037

0 0 1 0 0 0 0 1 0 1 1

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

907 1273 10470 5736 7739 8270 8296 3905 3919 0.30138079 0.5346388

0 0 17 32 18 44 14 0 3 0.00155413 0.01684238

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

0 0 12 4 1 93 2 2 1 0.01705688 0.08455859

2 0 1 0 1 0 1 2 0 0.03511004 0.14044017

0 0 4 6 3 5 1 23 0 0.23766177 0.51361322

2 1 5 8 2 8 1 2 1 1 1

0 0 6 7 2 11 4 5 2 0.45806301 0.70097152

(continued)
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miRNA 
Information

Breast 
Normal

chromosome start end miRNA strand
SRR 
191548

SRR 
191549

SRR 
191554

SRR 
191578

SRR 
191581

chr4 102251458 102251571 hsa-mir-1255a - 2 0 1 0 1

chr15 42491767 42491864 hsa-mir-627 - 29 33 30 7 9

chr10 12767252 12767352 hsa-mir-548q - 2 2 0 4 3

chr19 54197646 54197729 hsa-mir-526b + 2 2 1 0 0

chr7 129414744 129414854 hsa-mir-183 - 126 15 35 34 51

chr15 31357234 31357344 hsa-mir-211 - 1 1 1 0 0

chr14 101526909 101527011 hsa-mir-496 + 2 1 0 0 0

chr8 124360273 124360370 hsa-mir-548d-1 - 1 0 0 2 1

chr8 141742662 141742752 hsa-mir-151a - 2115 382 245 640 916

chr10 100684255 100684325 hsa-mir-6507 - 1 0 1 0 3

chr13 66540461 66540561 hsa-mir-548x-2 - 1 0 0 0 0

chr1 156905922 156906036 hsa-mir-765 - 2 0 4 0 0

chr19 54191734 54191821 hsa-mir-1283-1 + 1 0 0 0 0

chr12 109029585 109029646 hsa-mir-4496 + 0 0 0 0 0

chr4 1988110 1988204 hsa-mir-943 - 1 1 0 0 0

chr1 201688635 201688755 hsa-mir-5191 + 1 0 0 0 1

chr3 49843569 49843678 hsa-mir-5193 - 3 0 0 0 0

chr1 193105632 193105713 hsa-mir-1278 + 0 0 0 0 0

chr22 22007592 22007674 hsa-mir-130b + 98 15 36 48 64

chr13 54886106 54886183 hsa-mir-1297 - 0 0 0 0 0

chr5 154065335 154065421 hsa-mir-1303 + 235 38 129 20 44

chr7 32772592 32772689 hsa-mir-550a-2 + 4 4 3 1 3

chr17 6921229 6921341 hsa-mir-497 - 6964 2655 633 823 4807

chr10 17887106 17887193 hsa-mir-511-1 + 50 8 4 9 7

chr8 12576640 12576699 hsa-mir-
5692a-2

+ 0 0 0 0 0

chr20 44333740 44333819 hsa-mir-3617 - 2 0 0 0 0

chrX 133303567 133303642 hsa-mir-92a-2 - 157 38 59 372 183

chr14 101515886 101515983 hsa-mir-655 + 3 0 1 13 9

chr9 94398545 94398627 hsa-mir-3910-2 - 3 1 0 1 0

chr16 14403141 14403228 hsa-mir-365a + 94 8 10 91 44

chr20 33578202 33578275 hsa-mir-499b - 39 6 0 11 16

chr9 68415307 68415388 hsa-mir-4477a - 0 0 0 0 0

chr5 10478148 10478257 hsa-mir-6131 + 9 2 3 6 1

chr19 54205990 54206073 hsa-mir-518b + 5 0 0 1 1

chr19 49812053 49812125 hsa-mir-4324 - 3 0 1 1 0

chr14 101518782 101518862 hsa-mir-487a + 24 1 3 3 6

chr6 72086662 72086734 hsa-mir-30c-2 - 895 85 116 533 593

chr14 101351038 101351120 hsa-mir-136 + 1356 197 26 102 133

chr8 26906369 26906480 hsa-mir-548h-4 - 3 1 0 6 3

chr14 101512791 101512875 hsa-mir-487b + 67 12 3 15 36

chr4 20529897 20530007 hsa-mir-218-1 + 194 30 34 102 87

chr1 41220026 41220118 hsa-mir-30e + 3350 704 485 1932 2388

chr19 13985512 13985622 hsa-mir-181c + 168 50 21 72 99
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Breast 
IDC

SRR 
191582

SRR 
191617

SRR 
191602

SRR 
191603

SRR 
191604

SRR 
191605

SRR 
191615

SRR 
191622

SRR 
191631 p-value adj-p-value

1 0 1 2 2 6 7 0 1 0.77954278 0.93988858

6 2 21 29 17 26 8 11 7 0.16518919 0.39988655

2 2 2 3 3 1 2 3 3 0.22780647 0.50551342

0 0 2 0 0 0 0 0 0 0.07554856 0.25419227

50 58 856 1044 1692 3479 412 969 486 0.00315828 0.02725475

0 0 0 0 0 0 0 0 0 0.02636789 0.11377256

1 2 2 2 1 6 1 0 1 0.60736431 0.8380582

1 1 9 7 4 10 6 21 9 0.07690294 0.2578185

613 1137 4515 3854 4743 5531 3157 3482 5161 0.33076629 0.5656407

1 1 1 0 0 0 0 0 0 0.01043913 0.06157765

0 0 3 3 5 4 1 2 3 0.06096652 0.21694137

0 0 0 0 0 0 0 0 0 0.00416763 0.03236859

0 0 1 1 4 1 0 100 1 0.00028679 0.00494969

0 0 1 0 0 0 0 0 0 1 1

0 0 0 0 0 0 0 0 0 0.09486019 0.2762803

0 0 0 0 0 0 0 0 0 0.09486019 0.2762803

0 0 0 0 0 0 0 0 0 0.0135387 0.07269882

0 0 2 1 1 2 0 0 0 0.3028855 0.5346388

41 44 274 388 389 510 271 323 168 0.23119984 0.50963907

0 0 1 0 1 0 0 0 0 1 1

21 7 82 68 71 107 91 57 24 0.11910969 0.3139037

1 2 6 3 6 8 3 5 2 0.5557169 0.79073

3070 2488 3361 2498 3228 2707 634 1079 1174 0.00495653 0.03608976

13 5 26 16 11 13 3 14 6 0.0559964 0.20228156

0 0 1 0 1 1 0 0 1 0.68634275 0.90275157

0 0 0 0 0 0 0 0 0 0.09486019 0.2762803

104 351 5157 1604 637 1227 168 365 347 0.19492368 0.44967541

18 42 45 27 18 25 22 9 30 0.60786196 0.8380582

0 0 0 0 0 0 0 0 0 0.00355881 0.02935229

20 51 483 158 130 461 102 102 162 0.53109252 0.76859973

6 27 74 29 28 115 18 26 96 0.81886662 0.97469181

0 0 2 0 0 0 0 0 0 1 1

1 1 3 6 6 11 2 1 0 0.19877011 0.4551689

1 2 0 0 0 0 0 0 0 7.29E-05 0.00205793

0 0 1 1 0 0 0 0 0 0.03991804 0.15697727

4 2 6 11 12 5 2 2 12 0.11376291 0.3038024

586 442 4121 2225 1344 2308 914 1033 555 0.71879721 0.90275157

534 160 276 341 157 214 43 50 282 0.00465436 0.03498275

2 3 7 8 8 19 7 9 8 0.72601013 0.90581183

55 44 56 66 53 40 8 13 35 0.13658952 0.34877105

126 123 283 152 120 124 116 27 58 0.19178711 0.44453211

1197 3309 7908 7213 4603 10618 9566 5164 3824 0.67442319 0.90275157

61 144 192 69 120 325 40 548 259 0.85460682 1
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miRNA 
Information

Breast 
Normal

chromosome start end miRNA strand
SRR 
191548

SRR 
191549

SRR 
191554

SRR 
191578

SRR 
191581

chr21 20058407 20058482 hsa-mir-548x - 1 0 0 2 1

chr9 96938628 96938715 hsa-let-7f-1 + 4010 314 1423 5189 7268

chr12 62654139 62654235 hsa-mir-6125 + 1 0 0 0 0

chr6 99572484 99572572 hsa-mir-548ai + 3 1 0 2 3

chr16 69966983 69967083 hsa-mir-140 + 2893 714 1352 814 1056

chr9 97847489 97847586 hsa-mir-23b + 1104 114 103 1186 911

chrX 73506938 73507044 hsa-mir-545 - 9 0 0 8 2

chrX 17444003 17444077 hsa-mir-4768 + 0 0 0 0 0

chr1 220291194 220291304 hsa-mir-215 - 29 4 3 12 20

chr7 99691182 99691266 hsa-mir-25 - 748 105 167 1140 494

chr4 53578848 53578914 hsa-mir-4449 + 2 0 0 1 0

chr19 46178189 46178266 hsa-mir-642b - 9 1 3 3 2

chr20 33578178 33578300 hsa-mir-499a + 39 6 0 11 16

chrX 146294980 146295109 hsa-mir-513a-1 - 0 0 0 0 0

chr8 105496596 105496693 hsa-mir-548a-3 - 0 0 0 0 0

chr19 13947400 13947473 hsa-mir-23a - 6952 804 721 4635 3842

chr11 93466839 93466930 hsa-mir-1304 - 3 0 1 2 2

chr3 111831647 111831745 hsa-mir-567 + 0 0 0 0 0

chr22 35731632 35731751 hsa-mir-3909 + 0 0 0 0 0

chr19 35836415 35836530 hsa-mir-5196 + 0 0 0 0 0

chr10 112748683 112748771 hsa-mir-548e + 10 1 2 6 2

chr19 813583 813653 hsa-mir-3187 + 0 0 0 0 0

chr6 6169566 6169642 hsa-mir-5683 + 31 0 0 3 8

chr13 88270919 88270995 hsa-mir-4500 - 1 0 1 0 0

chr1 142667288 142667363 hsa-mir-3118-1 + 0 0 0 0 0

chr2 87421908 87421982 hsa-mir-4771-1 + 0 0 0 0 0

chr12 57912945 57913042 hsa-mir-616 - 2 1 1 3 0

chr2 56210101 56210211 hsa-mir-217 - 0 0 0 0 0

chr1 1103242 1103332 hsa-mir-200a + 655 38 48 456 838

chr5 179225277 179225346 hsa-mir-1229 - 0 0 0 0 0

chr15 49461266 49461350 hsa-mir-4716 - 4 0 2 0 0

chr12 66417399 66417506 hsa-mir-6074 - 1 0 0 0 0

chr15 22513228 22513280 hsa-mir-1268a - 8 8 13 0 2

chr8 96085141 96085221 hsa-mir-3150a + 1 0 0 0 0

chr12 124020955 124021081 hsa-mir-3908 + 1 1 0 2 0

chr22 46508628 46508702 hsa-let-7a-3 + 4651 392 980 5349 4655

chr1 166123979 166124035 hsa-mir-921 - 1 0 0 0 0

chr3 5291861 5291940 hsa-mir-4790 - 1 0 0 0 0

chr15 59463381 59463461 hsa-mir-2116 - 5 3 1 0 5

chr17 29902429 29902540 hsa-mir-365b + 88 5 10 92 44

chr14 101280827 101280911 hsa-mir-2392 + 5 0 0 0 1

chr19 4770681 4770791 hsa-mir-7-3 + 23 1 7 10 9

chr18 70520555 70520617 hsa-mir-548av - 0 0 0 0 0

chr11 118889653 118889722 hsa-mir-3656 + 2 3 2 0 0
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Breast 
IDC

SRR 
191582

SRR 
191617

SRR 
191602

SRR 
191603

SRR 
191604

SRR 
191605

SRR 
191615

SRR 
191622

SRR 
191631 p-value adj-p-value

0 0 5 4 1 9 3 4 1 0.30923209 0.5376946

5408 7103 22838 20436 17374 14986 31112 9597 9667 0.56930502 0.80609294

0 0 3 0 0 0 0 0 0 1 1

0 2 3 3 1 4 5 3 2 0.58071752 0.81581943

831 801 1636 2504 1540 1720 1180 3091 1164 0.26912197 0.51361322

820 682 2493 3159 3042 5519 2861 2758 1616 0.47646995 0.71624193

2 3 18 36 4 35 4 48 12 0.26841255 0.51361322

0 0 1 0 0 0 0 0 0 1 1

1 8 12 4 8 11 16 6 14 0.071396 0.2464484

561 1001 3604 2997 2635 3820 1583 3847 2529 0.33319443 0.56874946

0 0 2 0 1 2 0 0 0 0.37454865 0.62266644

1 1 3 11 3 19 0 1 0 0.38442023 0.63412329

6 27 74 29 28 115 18 26 96 0.81886662 0.97469181

0 0 1 0 0 0 1 0 0 1 1

0 0 2 2 1 11 3 1 1 0.01137532 0.06626125

3006 2895 13209 13285 9922 20978 4213 5754 4756 0.92758477 1

0 2 5 4 1 18 2 12 0 0.69268365 0.90275157

0 0 1 0 0 0 0 0 1 1 1

0 0 19 35 17 33 4 5 4 0.00013441 0.00329431

0 0 1 0 0 0 0 0 0 1 1

2 6 21 22 9 41 46 33 10 0.23803316 0.51361322

0 0 2 2 5 5 0 1 0 0.03272762 0.13437066

0 12 19 3 1 5 2 0 1 0.00473693 0.03531855

0 1 1 2 0 0 0 0 0 0.46181056 0.70328014

0 0 1 1 0 0 0 0 0 1 1

0 0 1 0 0 0 0 0 0 1 1

3 2 9 3 1 22 3 2 3 0.82519285 0.98096905

0 0 7 6 5 2 3 0 0 0.01148723 0.06649751

377 1314 13177 4718 3979 19492 590 2289 1331 0.03139967 0.13006443

0 0 1 1 2 1 1 1 0 0.28463513 0.52015675

0 0 1 0 0 1 0 2 0 0.09879355 0.28286708

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

0 2 5 9 7 6 1 2 4 0.17265601 0.41049846

0 0 1 2 17 1 2 0 0 0.05307151 0.19473482

0 0 2 2 1 1 1 1 3 1 1

3653 6234 33731 22015 22725 21365 5118 5074 4924 0.45954249 0.70097152

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

1 4 5 3 4 3 1 0 2 0.10661877 0.29258101

21 51 479 162 131 480 95 101 164 0.50257068 0.74823623

0 1 13 6 3 1 1 0 3 1 1

6 6 124 107 161 752 293 146 91 0.00398527 0.03124828

0 0 3 1 1 1 0 1 1 0.09906778 0.28286708

0 0 0 0 0 0 0 0 0 0.0025879 0.02360966
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miRNA 
Information

Breast 
Normal

chromosome start end miRNA strand
SRR 
191548

SRR 
191549

SRR 
191554

SRR 
191578

SRR 
191581

chrX 153996870 153996931 hsa-mir-664b + 6 1 2 1 2

chr3 48238053 48238106 hsa-mir-4443 + 1 0 0 0 0

chr18 47652868 47652933 hsa-mir-4320 - 29 18 63 11 6

chr10 132760850 132760931 hsa-mir-378c - 794 462 544 83 292

chr5 92956401 92956494 hsa-mir-2277 - 11 3 2 1 1

chr1 205417429 205417526 hsa-mir-135b - 28 0 0 60 7

chrX 133680643 133680741 hsa-mir-424 - 5358 265 144 790 2145

chr15 35664456 35664565 hsa-mir-3942 - 0 0 0 0 0

chr12 7073259 7073354 hsa-mir-141 + 3614 291 164 1615 3914

chr10 24564613 24564710 hsa-mir-603 + 0 0 0 0 0

chr1 117214370 117214449 hsa-mir-320b-1 + 212 209 251 32 72

chr21 15017095 15017171 hsa-mir-3118-5 - 0 0 0 0 0

chr9 28863623 28863704 hsa-mir-876 - 7 1 1 0 0

chr22 38240278 38240378 hsa-mir-658 - 0 0 0 0 0

chr14 101514237 101514316 hsa-mir-889 + 0 0 0 0 0

chr4 40504056 40504136 hsa-mir-4802 - 0 0 0 0 0

chr19 54185412 54185499 hsa-mir-520f + 1 0 1 1 1

chrX 49773038 49773122 hsa-mir-500a + 108 38 27 28 31

chr20 62550777 62550894 hsa-mir-941-1 + 9 1 1 2 4

chr16 16418444 16418511 hsa-mir-
6511a-2

+ 2 1 0 0 0

chr11 568088 568198 hsa-mir-210 - 313 157 261 34 45

chr2 242417319 242417397 hsa-mir-3133 + 0 0 0 0 0

chr11 3877291 3877371 hsa-mir-4687 + 0 0 0 0 0

chr19 45939911 45939962 hsa-mir-6088 + 0 0 0 0 0

chr5 53371347 53371413 hsa-mir-4459 - 1 0 1 0 1

chr14 101350819 101350913 hsa-mir-432 + 39 1 2 5 14

chr6 166922841 166922921 hsa-mir-1913 - 1 0 0 0 0

chr4 174189310 174189384 hsa-mir-548t + 2 0 0 2 1

chr16 2140195 2140285 hsa-mir-1225 - 0 0 0 0 0

chr1 172107937 172108047 hsa-mir-214 - 377 93 86 61 80

chr12 121160995 121161069 hsa-mir-4700 + 35 39 11 0 15

chr19 54233091 54233179 hsa-mir-518e + 6 1 2 2 1

chr7 99691390 99691470 hsa-mir-93 - 1433 195 170 1579 1520

chr19 54219847 54219934 hsa-mir-521-2 + 1 0 0 0 0

chr1 1104384 1104467 hsa-mir-429 + 58 2 4 79 63

chr20 60639857 60639941 hsa-mir-3195 + 158 35 414 6 6

chr5 148441875 148441972 hsa-mir-584 - 6 0 0 7 0

chr16 1784985 1785067 hsa-mir-3177 + 1 0 0 0 0

chr19 46142251 46142345 hsa-mir-330 - 40 8 4 5 6

chr6 132436331 132436403 hsa-mir-548aj-1 - 0 0 0 0 0

chr11 56511348 56511457 hsa-mir-6128 + 2 2 1 1 2

chr18 13459945 13460025 hsa-mir-5190 + 0 0 0 0 0

chr19 54198466 54198547 hsa-mir-519b + 0 0 0 0 0
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Breast 
IDC

SRR 
191582

SRR 
191617

SRR 
191602

SRR 
191603

SRR 
191604

SRR 
191605

SRR 
191615

SRR 
191622

SRR 
191631 p-value adj-p-value

1 2 14 9 5 20 5 3 1 0.81094821 0.96897914

1 0 5 12 8 27 3 2 3 0.01984478 0.09520546

4 0 11 5 4 7 0 0 0 0.00028508 0.00494969

94 201 73 52 90 179 119 80 65 0.00029239 0.00495475

0 1 10 11 9 6 2 2 1 0.58409656 0.81861352

5 19 106 918 16 441 7 1637 40 0.001917 0.01985156

3579 2052 3392 2290 2318 3063 3623 4987 2046 0.2145665 0.48303377

0 0 1 2 1 2 3 1 0 0.07416326 0.25390681

2710 3305 29926 11345 13326 22841 9244 17863 13985 0.09625306 0.27737408

0 0 1 0 0 3 2 0 1 0.28777831 0.52282532

63 25 52 41 104 44 19 21 14 0.00292117 0.0256842

0 0 2 0 0 0 0 0 0 1 1

0 1 2 1 2 0 2 0 3 0.12846743 0.33351433

0 0 1 0 0 0 0 0 0 1 1

0 0 13 14 3 16 5 3 12 0.00065694 0.00958327

0 0 9 12 4 24 2 1 5 0.00147889 0.01660629

0 0 1 0 2 0 0 2 0 0.57083835 0.80609294

31 22 106 140 92 160 227 85 46 0.93931291 1

2 2 23 27 21 32 7 10 3 0.40067484 0.65254564

0 0 0 0 1 2 0 0 0 0.45613637 0.70097152

46 24 277 406 3601 2116 91 559 319 0.11358037 0.3038024

0 0 2 2 0 3 1 0 0 0.09545381 0.27628247

0 0 1 0 0 0 0 0 0 1 1

0 0 1 0 0 0 0 0 0 1 1

0 0 2 0 3 3 1 2 1 0.8371202 0.98758991

15 20 17 18 10 36 0 1 7 0.04424452 0.16830976

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

1 1 13 6 5 10 9 3 5 0.23654493 0.51361322

0 0 1 0 0 0 0 0 0 1 1

86 86 246 249 311 266 42 168 242 0.4076117 0.6606854

3 0 1 1 17 5 2 1 0 0.00077485 0.01017123

3 0 0 0 0 0 1 4 1 0.01434122 0.0746705

574 884 6220 3791 5437 7114 2573 4078 3239 0.32941976 0.5656407

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

24 123 2588 1306 872 5290 116 359 315 0.0021834 0.02142033

20 0 11 20 7 11 0 2 1 2.01E-06 0.00014435

2 6 5 3 0 12 2 23 8 0.87010575 1

0 0 1 4 3 9 1 0 1 0.06979643 0.24526482

9 5 53 35 31 110 27 61 14 0.64604003 0.88027676

0 0 2 0 1 1 0 1 1 0.3028855 0.5346388

0 0 0 0 0 0 0 0 0 0.00102414 0.01245739

0 0 1 0 0 0 0 0 0 1 1

0 0 0 0 1 0 0 15 1 0.02247518 0.10168384
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miRNA 
Information

Breast 
Normal

chromosome start end miRNA strand
SRR 
191548

SRR 
191549

SRR 
191554

SRR 
191578

SRR 
191581

chrX 49774329 49774413 hsa-mir-501 + 99 33 27 16 12

chr22 26951177 26951289 hsa-mir-548j - 1 0 1 2 1

chr1 62544457 62544531 hsa-mir-3116-1 + 1 0 0 0 0

chrX 153246547 153246628 hsa-mir-3202-1 + 1 0 0 0 0

chr20 61151512 61151583 hsa-mir-1-1 + 5 0 5 41 23

chr22 28316512 28316600 hsa-mir-3199-1 - 6 0 9 1 1

chr10 105154009 105154158 hsa-mir-1307 - 855 88 134 53 84

chr22 20073580 20073665 hsa-mir-1306 + 20 4 7 1 3

chr14 101349315 101349412 hsa-mir-127 + 2918 978 645 113 728

chrX 73438211 73438296 hsa-mir-421 - 7 1 1 7 2

chr14 104583741 104583851 hsa-mir-203a + 88 4 21 47 124

chr12 81226311 81226408 hsa-mir-617 - 0 0 0 0 0

chr16 56892429 56892513 hsa-mir-138-2 + 12 17 12 2 9

chrX 55477927 55478015 hsa-mir-4536-1 - 3 0 0 1 0

chr2 213290986 213291084 hsa-mir-548f-2 - 0 0 0 0 0

chrX 117520356 117520434 hsa-mir-1277 + 2 1 1 18 2

chr16 15019793 15019860 hsa-mir-
6511a-1

+ 2 1 0 0 0

chr8 135812762 135812850 hsa-mir-30b - 2472 152 336 1154 1147

chr5 36147993 36148090 hsa-mir-580 - 1 0 0 1 1

chrX 146363460 146363548 hsa-mir-514a-2 - 2 0 0 1 1

chr11 34963383 34963467 hsa-mir-1343 + 2 0 3 0 0

chr19 54251889 54251976 hsa-mir-521-1 + 1 0 0 0 0

chr5 153975571 153975632 hsa-mir-3141 - 1 4 3 0 0

chr7 102111915 102111978 hsa-mir-4467 + 0 0 0 0 0

chr19 54225419 54225509 hsa-mir-520g + 0 0 0 0 0

chr5 32394483 32394581 hsa-mir-579 - 1 1 0 0 0

chr14 50766572 50766664 hsa-mir-4504 - 1 0 0 0 0

chr19 54214255 54214342 hsa-mir-524 + 6 0 0 0 0

chr14 101522555 101522637 hsa-mir-323b + 1 0 0 0 1

chr16 30886586 30886644 hsa-mir-4519 - 0 0 0 0 0

chr8 17539086 17539166 hsa-mir-548v - 1 0 0 1 2

chr16 15227922 15228007 hsa-mir-
6511b-1

- 5 2 3 1 1

chr7 75544514 75544587 hsa-mir-4651 + 1 0 1 0 0

chr1 62544460 62544528 hsa-mir-3116-2 - 1 0 0 0 0

chr19 54224329 54224396 hsa-mir-517b + 2 0 0 1 0

chr20 3898148 3898210 hsa-mir-103b-2 - 2878 437 324 1256 2004

chr14 101531636 101531715 hsa-mir-409 + 357 94 46 31 172

chr1 1102483 1102578 hsa-mir-200b + 585 86 61 440 1645

chr1 21314806 21314925 hsa-mir-1256 - 0 0 0 0 0

chr14 101492068 101492154 hsa-mir-323a + 12 0 0 1 3

chr12 95702195 95702289 hsa-mir-331 + 349 262 219 63 94

chr3 186504460 186504566 hsa-mir-1248 + 4 2 2 1 1
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Breast 
IDC

SRR 
191582

SRR 
191617

SRR 
191602

SRR 
191603

SRR 
191604

SRR 
191605

SRR 
191615

SRR 
191622

SRR 
191631 p-value adj-p-value

35 13 69 71 62 124 163 33 14 0.74320796 0.91695911

0 2 2 5 4 5 6 1 0 0.9072973 1

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

17 32 87 47 42 23 18 14 5 0.51439607 0.75617844

0 4 4 1 3 4 5 0 4 0.1629151 0.39540852

62 80 637 401 537 967 42 525 168 0.58982635 0.82170128

2 0 26 16 40 24 2 6 2 0.97606651 1

773 543 472 553 689 483 54 88 354 0.00069921 0.00958327

4 4 41 54 18 171 52 80 37 0.0157085 0.07956698

78 193 1170 2044 4435 1673 1177 159 1351 0.00256837 0.02360966

0 0 1 0 0 0 0 0 0 1 1

29 3 8 24 3 49 6 2 8 0.21606247 0.48522944

0 0 1 0 3 1 1 0 1 0.43214339 0.69083642

0 0 1 2 0 1 1 0 0 0.45250806 0.70097152

0 7 206 118 23 224 94 87 79 0.00423267 0.03260203

0 0 0 0 1 2 0 0 0 0.45613637 0.70097152

1332 764 7787 5429 5895 6762 4606 2258 2818 0.38816561 0.6368218

1 0 2 3 1 1 0 0 1 0.80348063 0.96128876

0 1 1 1 0 0 1 0 2 0.18973507 0.44319069

1 0 2 4 6 6 1 1 1 0.89752288 1

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

0 0 1 0 0 0 0 0 1 0.0213194 0.09934842

0 0 2 0 0 0 1 0 0 0.71923557 0.90275157

0 0 2 1 0 0 1 1 0 0.45250806 0.70097152

0 0 2 13 2 5 3 14 5 0.02551378 0.11163775

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

1 0 0 0 0 0 0 0 0 0.00017196 0.00372712

0 6 3 1 2 4 3 4 5 1 1

0 0 1 0 0 2 0 0 0 0.71923558 0.90275157

0 1 6 10 3 15 8 5 2 0.1451948 0.36182235

0 0 2 2 4 5 0 1 1 0.24968918 0.51361322

0 0 0 0 0 0 0 0 0 0.09486019 0.2762803

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

3 1 1 0 1 1 0 1 1 0.0882563 0.2762803

866 1219 9930 5416 7521 7817 8513 3773 3437 0.30706735 0.53593028

293 123 106 111 154 100 27 17 72 0.00871072 0.05436539

475 1235 12080 5623 4419 14422 712 1525 2614 0.07783882 0.26002073

0 0 2 1 3 7 1 0 1 0.03311354 0.13476775

11 5 4 12 7 12 2 1 2 0.13997904 0.35381202

79 54 919 733 607 848 1047 191 235 0.51364582 0.75617844

2 1 13 3 1 5 2 3 3 0.72765898 0.9066553
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miRNA 
Information

Breast 
Normal

chromosome start end miRNA strand
SRR 
191548

SRR 
191549

SRR 
191554

SRR 
191578

SRR 
191581

chrX 65238711 65238821 hsa-mir-223 + 200 10 21 454 71

chr1 53400601 53400689 hsa-mir-5095 + 3 4 0 0 1

chr12 69978501 69978603 hsa-mir-3913-1 - 7 4 2 0 3

chr11 121970464 121970552 hsa-mir-125b-1 - 18569 8831 13470 4792 5261

chr2 54076258 54076342 hsa-mir-3682 - 0 0 0 0 0

chr5 136983260 136983338 hsa-mir-874 - 361 162 211 25 52

chr10 121718024 121718104 hsa-mir-4682 + 0 0 0 0 0

chr8 7946462 7946611 hsa-mir-548i-3 - 0 0 0 0 0

chr14 60113679 60113738 hsa-mir-5586 - 0 0 0 0 0

chr19 54240098 54240188 hsa-mir-516b-1 + 3 0 0 0 0

chr15 45725247 45725327 hsa-mir-147b + 32 20 31 7 6

chr20 2633422 2633488 hsa-mir-1292 + 2 1 3 0 1

chr9 139565053 139565138 hsa-mir-126 + 4652 190 9812 7626 4497

chr8 65291705 65291814 hsa-mir-124-2 + 17 0 0 4 1

chr9 130452965 130453074 hsa-mir-3911 - 1 0 1 0 0

chr19 13947253 13947331 hsa-mir-27a - 4703 284 263 2605 1848

chrX 49777848 49777945 hsa-mir-660 + 141 10 9 62 40

chr3 38010894 38010971 hsa-mir-26a-1 + 4154 377 332 3313 2731

chr20 62572817 62572897 hsa-mir-1914 - 0 0 0 0 0

chr11 70718374 70718473 hsa-mir-3664 - 4 1 1 0 1

chr18 6374359 6374424 hsa-mir-4317 - 2 0 0 0 0

chr20 57393280 57393368 hsa-mir-298 - 2 0 2 0 1

chr14 101506555 101506636 hsa-mir-654 + 29 2 8 10 15

chr3 175087328 175087410 hsa-mir-4789 + 0 0 0 0 0

chr6 33665904 33666011 hsa-mir-3934 + 1 0 2 0 2

chr6 33967748 33967828 hsa-mir-1275 - 2 2 1 0 0

chr7 25989538 25989606 hsa-mir-148a - 9060 799 1505 2662 7762

chr19 54259994 54260084 hsa-mir-516a-1 + 4 0 0 0 0

chr6 32717688 32717756 hsa-mir-3135b - 124 22 50 1 4

chr9 86584662 86584772 hsa-mir-7-1 - 26 2 9 15 17

chr22 38243684 38243781 hsa-mir-659 - 2 1 0 0 1

chr1 51525689 51525775 hsa-mir-6500 + 14 3 1 4 3

chr12 57588286 57588359 hsa-mir-1228 + 9 0 1 1 1

chr7 100802753 100802836 hsa-mir-4653 + 1 1 0 0 0

chr17 27188386 27188458 hsa-mir-451a - 13127 781 1856 163887 5476

chr14 101498323 101498401 hsa-mir-543 + 52 3 4 4 8

chr6 10439949 10440027 hsa-mir-5689 + 0 0 0 0 0

chr2 101925911 101925996 hsa-mir-5696 + 1 0 0 1 0

chr11 2017988 2018061 hsa-mir-675 - 8 3 0 3 4

chr1 155164967 155165063 hsa-mir-92b + 18 4 16 8 5

chr9 111808508 111808578 hsa-mir-32 - 30 1 0 115 19

chr5 8461037 8461112 hsa-mir-4458 + 1 0 0 0 0

chr4 164014725 164014780 hsa-mir-4454 - 89 33 18 10 7

chr9 20716103 20716187 hsa-mir-491 + 53 65 34 13 17
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Breast 
IDC

SRR 
191582

SRR 
191617

SRR 
191602

SRR 
191603

SRR 
191604

SRR 
191605

SRR 
191615

SRR 
191622

SRR 
191631 p-value adj-p-value

84 92 441 1274 221 682 209 149 113 0.92253477 1

0 1 6 4 4 10 0 4 0 1 1

3 9 17 5 13 14 10 8 7 0.90240954 1

5540 3123 10308 6759 4623 5243 216 1595 2113 0.00014492 0.00329431

0 0 1 0 0 0 0 0 0 1 1

62 31 86 147 199 132 15 27 39 0.04179118 0.16204427

0 0 1 0 0 1 0 0 0 1 1

0 0 1 1 0 0 0 1 0 0.71923557 0.90275157

0 0 1 2 0 0 0 0 0 0.71923558 0.90275157

4 0 0 0 0 0 0 0 0 0.00066457 0.00958327

2 1 195 37 39 132 178 61 8 0.21947558 0.49170972

1 0 4 2 2 14 2 1 0 1 1

1565 5308 25456 13779 5918 9210 2345 2071 4555 0.36695045 0.61289931

0 0 6 0 2 1 0 0 1 0.00211681 0.02098795

1 0 0 0 0 0 0 0 0 0.01912825 0.09237062

1509 2600 18305 17911 12093 26540 1970 9022 6779 0.16082169 0.39237124

30 35 382 252 114 465 432 95 109 0.36673536 0.61289931

1554 4916 20529 11501 6504 22502 4952 8168 10302 0.37518995 0.62266644

0 0 1 0 0 1 0 0 1 0.71923557 0.90275157

1 2 4 5 0 12 2 7 6 0.86557468 1

0 0 3 2 0 4 0 0 1 0.79793109 0.95587632

0 0 1 0 0 0 0 0 1 0.06280706 0.22172795

34 33 83 62 51 60 2 7 33 0.61757701 0.85019464

0 0 1 2 1 10 1 4 0 0.01674037 0.08388186

0 1 0 0 0 0 0 0 0 0.00328747 0.0277035

1 0 0 0 0 0 0 0 0 0.00397825 0.03124828

4122 8527 8139 21710 28106 28779 4444 12014 13086 0.8143389 0.9717847

1 2 3 1 10 2 0 460 0 6.63E-05 0.00199388

9 2 5 16 5 20 5 3 1 0.0002649 0.00484292

10 16 197 165 217 859 349 174 136 0.00726209 0.04800188

0 0 1 1 0 0 3 0 0 0.57074903 0.80609294

5 7 5 0 0 1 2 0 0 0.00025071 0.00484292

0 1 0 0 0 0 0 0 0 1.21E-05 0.00063984

0 0 0 0 0 0 0 0 0 0.09486019 0.2762803

3409 8109 6793 2032 2083 1434 2664 566 806 7.01E-18 3.27E-15

18 9 14 28 17 14 4 4 8 0.04242361 0.16204427

0 0 1 3 2 0 0 0 0 0.3028855 0.5346388

1 0 2 0 0 1 0 1 1 0.76186194 0.9281769

3 3 14 5 9 13 0 1 2 0.39116712 0.63959255

8 11 463 198 254 248 14 49 47 0.0247868 0.1100062

19 33 762 606 177 780 346 250 430 0.02044554 0.09679945

1 0 0 0 0 0 0 0 0 0.09486019 0.2762803

9 31 104 73 65 152 17 143 76 0.93941147 1

12 17 19 45 64 103 34 9 16 0.32064819 0.55462593
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miRNA 
Information

Breast 
Normal

chromosome start end miRNA strand
SRR 
191548

SRR 
191549

SRR 
191554

SRR 
191578

SRR 
191581

chr10 6194169 6194225 hsa-mir-3155b - 1 0 0 0 0

chr3 183604587 183604673 hsa-mir-4448 + 1 0 0 0 0

chr10 112657847 112657913 hsa-mir-4680 + 0 0 0 0 0

chrX 146366158 146366246 hsa-mir-514a-3 - 2 0 0 1 1

chr6 140526388 140526463 hsa-mir-3668 + 2 0 1 0 0

chr11 111384163 111384240 hsa-mir-34c + 126 11 15 34 62

chr14 101377475 101377550 hsa-mir-370 + 180 68 60 3 36

chr19 54255650 54255735 hsa-mir-519a-1 + 2 0 1 2 0

chr1 53405985 53406085 hsa-mir-1273g + 2 1 2 1 0

chr17 1953564 1953674 hsa-mir-212 - 18 6 5 3 29

chr14 101521755 101521828 hsa-mir-485 + 79 39 30 4 8

chr8 10524487 10524580 hsa-mir-4286 + 238 22 39 16 23

chrX 133674537 133674637 hsa-mir-450a-2 - 35 4 3 19 18

chr15 86368865 86368961 hsa-mir-548ap + 1 0 0 3 2

chrX 78156690 78156746 hsa-mir-4328 - 2 0 1 0 0

chr13 24736554 24736643 hsa-mir-2276 + 0 0 0 0 0

chr17 79099676 79099755 hsa-mir-3065 + 42 7 11 17 8

chr15 70371710 70371807 hsa-mir-629 - 39 17 92 13 21

chr12 69978502 69978602 hsa-mir-3913-2 + 7 4 2 0 3

chr9 116971713 116971809 hsa-mir-455 + 163 19 19 50 166

chr18 33484780 33484889 hsa-mir-187 - 24 1 1 1 2

chr8 124228027 124228103 hsa-mir-4663 - 1 0 0 0 0

chrX 39696814 39696867 hsa-mir-1587 + 0 0 0 0 0

chr13 92002858 92002942 hsa-mir-17 + 1225 325 199 1003 1651

chr15 55665137 55665232 hsa-mir-628 - 0 0 0 0 0

chrX 133304227 133304308 hsa-mir-106a - 72 18 18 94 73

chr13 92003004 92003075 hsa-mir-18a + 89 3 8 164 62

chr7 44150447 44150511 hsa-mir-4649 + 1 1 0 0 0

chr5 172089167 172089266 hsa-mir-5003 + 0 0 0 0 0

chr17 8090262 8090322 hsa-mir-4521 + 68 10 1 6 9

chr15 52569313 52569397 hsa-mir-1266 - 0 0 0 0 0

chr22 29729146 29729256 hsa-mir-3653 - 35 75 124 1 7

chr22 42296947 42297016 hsa-mir-33a + 196 12 22 122 133

chr5 53247333 53247429 hsa-mir-581 - 0 0 0 0 0

chr3 47891044 47891119 hsa-mir-1226 + 3 0 0 0 0

chrX 151128099 151128184 hsa-mir-452 - 2009 145 266 190 278

chr5 168195150 168195260 hsa-mir-218-2 - 158 19 18 93 70

chr10 100154974 100155064 hsa-mir-1287 - 31 11 9 5 5

chr1 162126896 162126972 hsa-mir-4654 + 0 0 0 0 0

chr7 30329409 30329506 hsa-mir-550b-1 - 6 5 4 2 4

chr10 97824071 97824156 hsa-mir-3157 - 1 0 0 0 2

chr17 62496891 62496957 hsa-mir-3064 - 3 1 0 0 0

chr7 93112071 93112167 hsa-mir-653 - 36 3 0 2 3

chrX 146342049 146342143 hsa-mir-509-1 - 0 0 0 0 0
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Breast 
IDC

SRR 
191582

SRR 
191617

SRR 
191602

SRR 
191603

SRR 
191604

SRR 
191605

SRR 
191615

SRR 
191622

SRR 
191631 p-value adj-p-value

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

0 0 1 1 0 0 1 1 1 0.45250806 0.70097152

0 1 1 1 0 0 1 0 2 0.18973507 0.44319069

0 0 0 0 0 0 0 0 0 0.0141554 0.07411706

74 61 213 102 182 100 71 38 256 0.78527632 0.9441031

70 21 18 26 46 26 3 3 10 0.00095736 0.01205865

2 0 1 1 10 1 0 589 1 2.79E-05 0.00108376

1 0 3 3 1 4 5 3 2 1 1

29 36 24 12 7 17 1 6 12 0.018366 0.08961841

19 19 19 12 18 24 0 5 6 0.00451339 0.03419903

102 32 112 301 112 351 93 113 18 0.6001779 0.83238958

35 50 140 44 47 76 85 57 47 0.99072686 1

2 1 10 1 1 9 4 4 6 0.7240809 0.90461581

0 1 0 0 0 0 0 0 0 0.00734166 0.04818608

0 0 1 0 2 4 1 1 0 0.11118512 0.30003945

22 9 42 147 34 121 12 27 67 0.75797747 0.92586501

10 29 164 144 92 291 129 134 54 0.47517616 0.71545103

3 9 17 5 13 14 10 8 7 0.90240954 1

76 148 264 239 274 424 592 1488 584 0.20655825 0.46620335

2 4 19 12 110 63 1 43 0 0.28462724 0.52015675

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

0 0 1 0 0 0 0 0 0 1 1

1017 1130 5512 3664 929 1716 1580 1190 1563 0.77560382 0.93635072

0 0 23 14 15 36 13 10 17 5.75E-05 0.00184834

42 43 134 132 38 268 89 85 768 0.51704327 0.75887296

26 108 922 636 144 512 105 465 222 0.27614055 0.51369858

0 0 0 0 0 0 0 0 0 0.09486019 0.2762803

0 0 1 0 0 0 0 0 0 1 1

27 10 4 7 11 5 3 5 2 0.00026501 0.00484292

0 0 1 1 1 0 0 1 1 0.45250806 0.70097152

1 1 10 7 8 8 1 2 2 9.57E-05 0.0025479

126 189 1496 1032 1821 1404 441 893 314 0.09284684 0.2762803

0 0 2 0 0 1 0 0 0 0.71923558 0.90275157

0 0 0 0 0 0 0 0 0 0.0135387 0.07269882

84 223 116 1077 306 83 21 259 54 0.00540776 0.03828921

100 117 265 129 113 118 107 25 53 0.24428548 0.51361322

12 9 43 31 23 89 8 9 9 0.7655127 0.92898156

0 0 1 0 0 0 5 0 0 0.3036156 0.53491443

2 2 9 5 8 12 4 7 3 0.58836073 0.82088653

0 0 1 1 0 6 1 2 0 1 1

2 0 2 4 2 1 1 1 3 0.871296 1

5 6 26 31 17 40 2 5 3 0.44256046 0.70097152

0 0 0 0 0 0 0 0 1 1 1

(continued)
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miRNA 
Information

Breast 
Normal

chromosome start end miRNA strand
SRR 
191548

SRR 
191549

SRR 
191554

SRR 
191578

SRR 
191581

chr10 114059369 114059446 hsa-mir-6715b - 1 2 0 0 0

chr5 154209017 154209100 hsa-mir-378h + 19 6 9 0 2

chr19 12897941 12898006 hsa-mir-5684 + 2 0 0 0 0

chr7 157367027 157367114 hsa-mir-153-2 - 43 9 6 7 16

chr10 106028093 106028163 hsa-mir-4482 - 0 0 0 0 0

chr16 15005076 15005170 hsa-mir-3180-1 + 0 0 0 0 0

chr1 209605477 209605587 hsa-mir-205 + 12375 5320 3291 666 3033

chr17 27188550 27188636 hsa-mir-144 - 1133 2 47 10519 156

chr13 50623254 50623337 hsa-mir-15a - 639 45 20 901 191

chr11 64658826 64658911 hsa-mir-194-2 - 49 13 7 40 24

chr3 124870308 124870396 hsa-mir-5092 - 0 0 0 0 0

chr16 15104177 15104254 hsa-mir-1972-1 - 1 1 1 0 0

chr8 96085138 96085224 hsa-mir-3150b - 1 0 0 0 0

chr14 101347343 101347457 hsa-mir-431 + 27 3 1 1 0

chr17 28444096 28444190 hsa-mir-423 + 4731 1532 2536 363 564

chr19 54215521 54215608 hsa-mir-517a + 2 0 0 1 0

chr8 94928249 94928347 hsa-mir-378d-2 - 213 162 200 30 47

chrX 8095005 8095102 hsa-mir-651 + 12 0 5 4 1

chr14 101492356 101492444 hsa-mir-758 + 36 1 0 2 1

chr8 117886966 117887039 hsa-mir-3610 - 0 0 0 0 0

chr4 166307393 166307489 hsa-mir-578 + 1 0 0 0 0

chr18 37256682 37256741 hsa-mir-5583-2 - 1 0 0 0 0

chr19 13031133 13031218 hsa-mir-5695 + 8 4 2 1 0

chr19 54238130 54238217 hsa-mir-518d + 0 0 0 0 0

chr5 148810208 148810296 hsa-mir-145 + 26340 10898 10123 5855 5978

chr20 62551084 62551201 hsa-mir-941-3 + 18 3 1 3 9

chr5 167987900 167987978 hsa-mir-103a-1 - 2962 457 341 1168 2083

chr14 101493121 101493201 hsa-mir-329-1 + 22 1 3 2 7

chr8 124360273 124360370 hsa-mir-548aa-1 + 2 0 1 3 1

chr14 77732560 77732633 hsa-mir-1260a + 682 198 310 102 162

chr19 54201638 54201725 hsa-mir-523 + 1 0 0 0 0

chr2 66585380 66585460 hsa-mir-4778 - 2 0 0 0 0

chrX 133680357 133680428 hsa-mir-503 - 125 5 7 10 26

chr17 67095682 67095797 hsa-mir-4524b + 14 4 12 1 0

chr12 54730999 54731098 hsa-mir-148b + 1224 101 81 345 420

chr3 125509246 125509395 hsa-mir-548i-1 - 0 0 0 0 0

chrX 69242706 69242773 hsa-mir-676 + 1 0 1 1 0

chrX 63005881 63005967 hsa-mir-1468 - 6 3 11 4 2

chr17 28444103 28444178 hsa-mir-3184 - 4731 1532 2536 363 564

chr11 113320744 113320810 hsa-mir-4301 - 1 0 1 0 0

chrX 113887129 113887198 hsa-mir-1264 + 1 0 0 0 0

chr19 50391431 50391487 hsa-mir-4750 + 2 0 1 0 0

chr7 126698141 126698238 hsa-mir-592 - 2 0 0 0 0

chr3 49311552 49311619 hsa-mir-4271 + 1 0 0 0 0
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Breast 
IDC

SRR 
191582

SRR 
191617

SRR 
191602

SRR 
191603

SRR 
191604

SRR 
191605

SRR 
191615

SRR 
191622

SRR 
191631 p-value adj-p-value

0 0 0 0 0 0 0 0 0 0.02809079 0.11793068

1 1 1 0 1 3 0 0 0 5.40E-05 0.00179823

0 0 3 4 1 4 0 2 0 0.34620086 0.58558839

10 25 27 10 5 56 2 8 12 0.0846992 0.274096

0 0 1 0 0 0 0 0 0 1 1

0 0 1 0 0 2 0 3 0 0.3028855 0.5346388

1899 1393 5742 18555 14289 11276 351 421 1427 0.36172239 0.60743291

116 451 789 256 168 163 108 80 115 7.18E-08 8.37E-06

235 324 1764 1805 933 1781 376 1008 1819 0.6075246 0.8380582

19 27 173 109 104 415 211 83 253 0.17704617 0.41879956

0 0 1 2 0 2 0 0 0 0.45250807 0.70097152

1 0 2 3 2 6 2 2 1 0.53899964 0.77470615

0 0 1 2 17 1 2 0 0 0.05307151 0.19473482

1 2 11 16 19 18 1 5 11 0.52385319 0.76330157

480 553 3702 1682 3010 7074 1329 1094 411 0.33031344 0.5656407

3 1 1 0 1 1 0 1 1 0.0882563 0.2762803

24 40 20 19 22 43 15 12 3 0.00015176 0.00336753

0 6 31 26 10 111 140 11 10 0.03616385 0.14403722

9 6 5 14 17 11 3 2 3 0.04947959 0.1844599

0 0 1 1 1 2 0 0 0 0.45250807 0.70097152

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

1 0 0 0 0 0 0 0 0 2.43E-05 0.00102893

0 0 0 0 0 0 0 0 0 NA NA

6344 7499 17092 12068 12260 16835 1424 1878 3519 0.00837615 0.05346969

3 5 41 50 42 58 13 17 6 0.46723884 0.70862854

886 1257 10368 5700 7714 8219 8225 3881 3857 0.29840218 0.5346388

13 4 11 6 6 11 1 2 7 0.04232522 0.16204427

1 2 12 10 5 12 8 25 11 0.14008223 0.35381202

222 120 887 1046 742 1875 257 324 306 0.99841691 1

0 0 0 0 0 0 0 3 0 1 1

0 0 0 0 0 0 0 0 0 0.09486019 0.2762803

42 36 208 86 200 437 78 228 90 0.5034922 0.74841264

3 0 8 1 0 0 0 0 0 0.00134621 0.01548974

397 682 3034 2377 2296 10230 687 1291 1371 0.25441002 0.51361322

0 0 1 0 0 1 0 1 0 0.71923557 0.90275157

0 1 3 2 2 2 0 1 0 1 1

1 3 5 4 0 9 4 1 0 0.07380484 0.2538233

480 553 3702 1681 3010 7074 1329 1094 411 0.33029826 0.5656407

0 0 0 0 0 0 0 0 0 0.09486019 0.2762803

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

0 0 1 0 0 0 0 0 0 0.1045419 0.28826346

1 0 9 8 9 16 3 7 3 0.04214093 0.16204427

0 0 1 0 0 1 0 0 0 1 1

(continued)
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miRNA 
Information

Breast 
Normal

chromosome start end miRNA strand
SRR 
191548

SRR 
191549

SRR 
191554

SRR 
191578

SRR 
191581

chr1 207975196 207975284 hsa-mir-29c - 3150 171 167 1994 567

chr6 2854264 2854341 hsa-mir-4645 - 0 0 0 0 0

chr3 44155703 44155802 hsa-mir-138-1 + 20 21 20 10 12

chr19 52785049 52785146 hsa-mir-643 + 0 0 0 0 0

chr7 130135951 130136045 hsa-mir-335 + 1611 68 36 369 343

chrX 113949649 113949761 hsa-mir-1298 + 0 0 0 0 0

chr14 101506772 101506872 hsa-mir-376b + 89 39 0 35 81

chr1 228284963 228285042 hsa-mir-3620 + 0 0 0 0 0

chr1 41222955 41223044 hsa-mir-30c-1 + 829 67 104 512 576

chr1 117637264 117637350 hsa-mir-942 + 3 2 6 5 3

chr19 54211988 54212089 hsa-mir-518c + 2 0 1 2 0

chr6 18572014 18572111 hsa-mir-548a-1 + 2 0 0 3 1

chr20 61918159 61918218 hsa-mir-4326 + 3 0 1 1 0

chrX 146312501 146312595 hsa-mir-507 - 0 0 0 0 0

chr12 110271152 110271241 hsa-mir-4497 + 1 0 1 0 0

chr4 2251803 2251883 hsa-mir-4800 - 1 0 0 0 0

chr20 45795608 45795700 hsa-mir-3616 + 5 2 0 0 1

chr11 64658608 64658718 hsa-mir-192 - 264 19 13 70 66

chr4 110409853 110409951 hsa-mir-576 + 32 39 17 20 14

chr12 49165757 49165820 hsa-mir-4701 - 1 0 0 0 0

chr8 101036209 101036312 hsa-mir-1273a - 4 2 1 0 0

chr1 33797993 33798093 hsa-mir-3605 - 9 3 7 2 4

chr14 101491900 101491988 hsa-mir-1197 + 0 0 0 0 0

chr10 114059369 114059448 hsa-mir-6715a + 1 2 0 0 0

chr19 54189722 54189809 hsa-mir-519c + 1 0 0 0 0

chr8 12584745 12584808 hsa-mir-3926-2 + 3 1 1 0 0

chr2 185243701 185243771 hsa-mir-548ae-1 + 0 0 0 0 0

chr5 58999431 58999529 hsa-mir-582 - 11 1 0 12 9

chr19 54230175 54230240 hsa-mir-526a-2 + 0 0 0 0 0

chr17 72744751 72744838 hsa-mir-3615 + 26 8 13 3 2

chr2 219866366 219866430 hsa-mir-375 - 308 77 72 13 81

chr7 91833328 91833412 hsa-mir-1285-1 - 14 5 4 2 1

chr15 93447628 93447705 hsa-mir-3175 + 0 0 0 0 0

chr6 30858659 30858749 hsa-mir-4640 + 1 0 1 0 1

chr12 112475402 112475519 hsa-mir-3657 - 0 0 0 0 0

chr2 70480049 70480137 hsa-mir-1285-2 - 7 2 3 2 0

chrX 133303407 133303482 hsa-mir-363 - 159 14 31 270 44

chr7 98479272 98479352 hsa-mir-3609 + 0 0 0 0 0

chr1 567704 567793 hsa-mir-6723 - 2 0 0 1 0

chr18 19405658 19405746 hsa-mir-133a-1 - 10 4 7 4 2

chr5 175794948 175795034 hsa-mir-1271 + 38 8 9 2 17

chr4 160049956 160050043 hsa-mir-3688-2 + 2 0 0 1 0

chr19 54245765 54245853 hsa-mir-520h + 0 0 0 0 0

chr10 127508308 127508391 hsa-mir-4484 + 2 0 3 0 1
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Breast 
IDC

SRR 
191582

SRR 
191617

SRR 
191602

SRR 
191603

SRR 
191604

SRR 
191605

SRR 
191615

SRR 
191622

SRR 
191631 p-value adj-p-value

637 563 15849 8508 2283 8664 3621 1293 3201 0.25525845 0.51361322

0 0 3 1 1 4 0 0 0 0.06030698 0.21632095

49 5 13 32 6 75 7 3 9 0.14672717 0.36466592

0 0 1 3 3 8 3 2 1 0.01472814 0.0758377

245 896 596 349 202 192 54 204 308 0.00329945 0.0277035

0 0 1 1 0 0 0 0 1 0.71923557 0.90275157

199 80 55 51 40 44 11 14 20 0.00582937 0.04024425

0 0 1 3 0 1 1 1 1 0.10364886 0.28750219

554 408 3936 2172 1326 2296 897 1004 552 0.67531324 0.90275157

1 1 7 16 8 10 6 4 1 0.91402591 1

0 0 1 0 1 0 0 7 1 0.84845436 0.99717461

0 1 4 2 1 9 8 1 4 0.60310163 0.83520167

0 0 2 15 0 0 13 0 0 0.32975901 0.5656407

0 0 1 0 0 0 1 1 0 0.71923557 0.90275157

0 0 2 0 0 0 0 0 0 0.28374581 0.52015675

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

0 0 1 0 1 1 0 2 0 0.06098566 0.21694137

60 46 285 257 232 732 633 253 647 0.30767953 0.53599499

13 12 33 37 13 61 57 41 19 0.55446857 0.79073

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

0 3 9 7 6 9 4 4 0 0.74379945 0.91695911

2 1 5 6 7 7 5 2 3 0.23966663 0.51361322

0 0 1 0 0 2 1 0 0 0.68634275 0.90275157

0 0 0 0 0 0 0 0 0 0.02809079 0.11793068

1 1 0 0 0 0 0 5 0 0.76516442 0.92898156

1 0 1 0 1 0 0 1 0 0.05212685 0.19278662

0 0 1 1 0 1 0 1 0 0.68634275 0.90275157

10 8 25 51 14 84 25 97 176 0.08424785 0.27358536

0 0 0 0 0 0 0 0 0 NA NA

3 3 79 25 12 31 0 3 1 0.75772881 0.92586501

68 117 11449 443 312 9400 2208 374 2460 0.00025614 0.00484292

1 2 11 8 8 18 6 11 6 0.73024426 0.9074502

0 0 1 0 2 2 0 0 0 0.45250807 0.70097152

0 0 1 1 0 2 2 1 0 1 1

0 0 1 1 0 2 1 1 0 0.3028855 0.5346388

1 1 5 3 2 10 2 4 2 0.43843035 0.69611088

35 59 184 208 127 1090 196 244 2337 0.13198122 0.34021425

0 0 1 0 0 1 0 0 1 0.71923557 0.90275157

0 1 6 4 1 2 4 0 0 0.7420326 0.91695911

3 6 12 8 13 3 0 2 0 0.14359115 0.35878538

16 11 38 15 37 16 3 24 8 0.22871552 0.5063251

1 0 0 0 0 0 0 0 0 0.00578835 0.04024425

0 0 1 1 0 0 1 0 0 0.71923557 0.90275157

0 0 3 5 2 1 2 0 3 1 1
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miRNA 
Information

Breast 
Normal

chromosome start end miRNA strand
SRR 
191548

SRR 
191549

SRR 
191554

SRR 
191578

SRR 
191581

chr3 52302293 52302377 hsa-let-7g - 3726 183 391 4501 4343

chr10 70519074 70519171 hsa-mir-1254-1 + 5 3 3 1 1

chrX 45606420 45606530 hsa-mir-222 - 1402 206 174 298 340

chr19 54257271 54257356 hsa-mir-527 + 1 0 0 0 0

chr13 41384901 41384997 hsa-mir-621 + 1 0 0 0 1

chr11 59976543 59976629 hsa-mir-6503 - 11 3 4 4 1

chr16 14397823 14397906 hsa-mir-193b + 2798 1015 1330 233 349

chr15 62635227 62635337 hsa-mir-6085 + 1 0 0 0 0

chr19 54234259 54234344 hsa-mir-518a-1 + 1 0 1 1 0

chr1 38554902 38555001 hsa-mir-3659 + 0 0 0 0 0

chr9 97572243 97572339 hsa-mir-2278 + 1 0 1 0 0

chr1 65524116 65524191 hsa-mir-101-1 - 2969 267 185 5239 1660

chr17 46114526 46114613 hsa-mir-152 - 1349 86 135 373 616

chr10 103361173 103361254 hsa-mir-3158-2 - 12 8 4 1 7

chr17 78072626 78072676 hsa-mir-1268b + 9 12 18 0 3

chr14 101509313 101509399 hsa-mir-1185-1 + 28 0 0 4 12

chr19 13947100 13947173 hsa-mir-24-2 - 8749 2354 2156 1035 2408

chr20 60907542 60907613 hsa-mir-4758 - 0 0 0 0 0

chr7 5535449 5535548 hsa-mir-589 - 22 17 9 7 1

chr12 54385521 54385631 hsa-mir-196a-2 + 75 12 63 33 50

chr20 61809851 61809938 hsa-mir-124-3 + 17 0 0 4 1

chr5 140027428 140027511 hsa-mir-3655 + 1 0 0 0 0

chr10 103361173 103361254 hsa-mir-3158-1 + 12 8 4 1 7

chr1 198828001 198828111 hsa-mir-181b-1 - 121 36 34 37 116

chr1 37966535 37966595 hsa-mir-5581 - 0 0 0 0 0

chr17 12820584 12820659 hsa-mir-1269b - 0 0 0 0 0

chr22 49176106 49176165 hsa-mir-4535 + 1 0 0 0 0

chr7 30329409 30329506 hsa-mir-550a-1 + 4 4 3 1 3

chr19 54242586 54242673 hsa-mir-518a-2 + 2 0 1 1 0

chr7 147075108 147075213 hsa-mir-548f-4 - 0 0 0 0 0

chr17 79099682 79099749 hsa-mir-338 - 42 7 11 17 8

chr9 68415307 68415388 hsa-mir-4477b + 0 0 0 0 0

chr19 10928101 10928172 hsa-mir-199a-1 - 5218 994 1545 3191 3740

chr21 34922967 34923034 hsa-mir-6501 + 0 0 0 0 0

chr19 52195864 52195934 hsa-mir-99b + 1286 203 291 293 569

chr8 144895126 144895212 hsa-mir-937 - 0 0 0 0 0

chr12 49048226 49048313 hsa-mir-1291 - 2 4 0 0 4

chr5 72174417 72174490 hsa-mir-4804 + 1 0 0 0 1

chr12 62997465 62997549 hsa-let-7i + 6515 799 2428 4125 5739

chr9 96357122 96357176 hsa-mir-548au + 2 0 0 3 1

chr4 115577914 115578010 hsa-mir-577 + 0 0 0 0 0

chr9 123007256 123007328 hsa-mir-147a - 0 0 0 0 0

chr1 98511625 98511727 hsa-mir-137 - 0 0 0 0 0

chr2 47604813 47604909 hsa-mir-559 + 2 1 0 5 0
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Breast 
IDC

SRR 
191582

SRR 
191617

SRR 
191602

SRR 
191603

SRR 
191604

SRR 
191605

SRR 
191615

SRR 
191622

SRR 
191631 p-value adj-p-value

2422 5493 14007 13920 11639 9386 6500 4753 3378 0.9779933 1

2 0 5 5 1 6 1 4 2 0.40118954 0.65254564

723 320 1144 1571 1170 1279 764 1039 890 0.65571792 0.89085875

1 0 0 0 0 0 0 22 0 0.13738238 0.34983709

0 0 0 0 0 0 0 0 0 0.09486019 0.2762803

6 1 8 8 3 9 6 1 5 0.25324401 0.51361322

241 151 2498 476 1535 1348 631 221 431 0.12339371 0.32123726

0 0 1 0 0 0 0 0 0 0.34426564 0.58337378

2 0 0 0 0 0 0 11 1 1 1

0 0 1 1 0 0 0 0 0 1 1

0 1 0 0 0 0 0 0 0 0.01835236 0.08961841

1391 3052 14592 4351 3291 4235 13260 1337 2078 0.9809745 1

492 715 1187 1198 2740 1485 118 955 1005 0.6241024 0.85791067

0 5 6 4 5 12 2 1 6 0.11170997 0.30003945

3 4 8 11 3 8 0 2 6 0.08012372 0.26480604

8 11 36 32 12 24 6 6 16 0.45530154 0.70097152

1431 2001 9312 8923 14526 19617 3785 6414 4481 0.84215899 0.99102548

0 0 1 1 3 2 0 0 0 0.27846304 0.51493562

7 5 17 29 28 25 8 7 16 0.57911963 0.81581943

26 88 3048 526 2305 3329 48 203 987 0.00153566 0.01684238

0 0 6 0 2 1 0 0 1 0.00211681 0.02098795

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

0 5 6 4 5 12 2 1 6 0.11170997 0.30003945

56 96 339 177 382 303 70 609 375 0.48844377 0.73305892

0 0 1 0 1 3 4 1 0 0.07546743 0.25419227

0 0 3 0 1 1 19 0 1 0.00671994 0.04512258

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

1 2 6 3 6 8 3 5 2 0.5557169 0.79073

2 0 0 0 0 0 0 11 1 0.73932649 0.91507608

0 0 2 2 2 0 2 4 0 0.04995035 0.18547302

22 9 42 147 34 121 12 27 67 0.75797747 0.92586501

0 0 2 0 0 0 0 0 0 1 1

5195 3015 15510 13363 16017 14951 2613 3860 6636 0.90257111 1

0 0 3 0 1 1 0 3 0 0.10133222 0.28400472

471 471 2438 2010 2900 3625 781 2257 932 0.58518669 0.81890991

0 0 1 4 6 7 3 0 3 0.01178326 0.06773004

1 0 1 0 0 3 0 1 0 0.03291175 0.134534

0 1 1 1 2 1 1 0 0 0.77031617 0.93359515

4236 5151 13561 15812 16536 13157 6033 8231 3494 0.83408671 0.98753789

1 1 5 8 4 5 3 3 5 0.63537502 0.86955877

0 0 1 4 0 0 1 4 0 0.07445672 0.25390681

0 0 1 0 1 1 1 0 0 0.68634275 0.90275157

0 0 1 44 82 2 1 2 5 5.20E-05 0.00179823

0 1 7 4 0 1 5 5 1 0.91382477 1
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miRNA 
Information

Breast 
Normal

chromosome start end miRNA strand
SRR 
191548

SRR 
191549

SRR 
191554

SRR 
191578

SRR 
191581

chr4 38869652 38869748 hsa-mir-574 + 874 409 780 159 204

chr19 54261485 54261572 hsa-mir-1283-2 + 1 0 0 0 0

chr8 145619363 145619445 hsa-mir-939 - 6 0 3 0 0

chr15 21038123 21038198 hsa-mir-3118-4 + 0 0 0 0 0

chrX 73507120 73507192 hsa-mir-374a - 23 8 11 388 45

chr10 74480786 74480858 hsa-mir-4676 + 0 0 0 0 0

chr10 115933863 115933938 hsa-mir-2110 - 47 26 42 4 3

chr11 65403780 65403840 hsa-mir-4690 + 1 0 1 0 0

chr3 151283663 151283783 hsa-mir-5186 - 8 2 0 0 0

chr22 31556047 31556105 hsa-mir-3928 - 7 3 1 1 1

chr10 43493010 43493129 hsa-mir-5100 + 33 23 15 3 3

chr14 101495970 101496051 hsa-mir-494 + 126 11 4 7 26

chr11 122022936 122023016 hsa-mir-100 - 2757 866 1139 1212 1498

chr17 39673415 39673469 hsa-mir-6510 - 41 11 2 2 8

chr5 1063010 1063089 hsa-mir-4635 - 1 1 0 0 0

chr3 160122532 160122613 hsa-mir-16-2 + 214 70 105 1348 94

chr9 73424890 73425000 hsa-mir-204 - 52 22 10 16 14

chr14 101490130 101490193 hsa-mir-299 + 96 11 12 14 24

chr19 54178964 54179051 hsa-mir-520e + 1 0 0 0 0

chr18 56118305 56118390 hsa-mir-122 + 6 0 5 0 3

chr11 133768398 133768476 hsa-mir-4697 - 2 0 0 1 0

chr1 67094122 67094200 hsa-mir-3117 + 1 0 0 1 0

chr9 91360750 91360820 hsa-mir-4289 - 0 0 0 0 0

chrX 49775279 49775358 hsa-mir-500b + 14 3 6 3 3

chr14 65511405 65511487 hsa-mir-4706 + 0 0 0 0 0

chrX 133304070 133304141 hsa-mir-18b - 3 0 2 8 0

chr5 167987908 167987970 hsa-mir-103b-1 + 2854 436 323 1242 1996

chr2 97464014 97464090 hsa-mir-3127 + 0 0 0 0 0

chr6 44221942 44222022 hsa-mir-4647 - 1 0 0 0 0

chr15 83736086 83736167 hsa-mir-4515 + 1 0 0 0 0

chr3 189547710 189547798 hsa-mir-944 + 0 0 0 0 0

chr6 52009146 52009232 hsa-mir-206 + 0 0 0 0 0

chr5 134263728 134263802 hsa-mir-4461 + 1 0 0 0 0

chr15 36219056 36219124 hsa-mir-4510 + 62 6 18 7 23

chr11 94199660 94199746 hsa-mir-548l - 1 1 0 0 1

chr19 54182256 54182339 hsa-mir-515-1 + 3 0 1 1 1

chr15 63116155 63116240 hsa-mir-190a + 180 8 7 251 122

chr7 129414531 129414609 hsa-mir-96 - 164 7 2 36 24

chr4 77496703 77496779 hsa-mir-548ah + 3 1 0 1 0

chr16 16403735 16403823 hsa-mir-3180-2 + 0 0 0 0 0

chr10 105807846 105807944 hsa-mir-936 - 0 0 0 0 0

chr13 115039302 115039383 hsa-mir-4502 + 3 1 5 1 0

chr5 168690604 168690698 hsa-mir-585 - 1 0 0 3 0

chr19 54265597 54265684 hsa-mir-519a-2 + 2 0 1 2 0
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Breast 
IDC

SRR 
191582

SRR 
191617

SRR 
191602

SRR 
191603

SRR 
191604

SRR 
191605

SRR 
191615

SRR 
191622

SRR 
191631 p-value adj-p-value

204 114 614 473 885 989 51 219 135 0.19104775 0.44403119

0 0 1 2 4 1 0 136 1 7.60E-05 0.00208452

0 0 3 1 4 4 0 1 1 0.36012063 0.60693025

0 0 1 1 0 0 0 0 0 1 1

39 167 2960 1846 265 2116 4514 1977 1081 0.00104257 0.01245739

0 0 1 0 0 0 0 0 1 1 1

8 6 6 30 27 53 6 19 2 0.15294617 0.37710538

0 0 0 0 0 0 0 0 0 0.09486019 0.2762803

0 0 0 0 0 0 0 0 0 7.18E-05 0.00205793

0 0 5 0 4 3 4 0 2 0.30054425 0.5346388

7 3 17 12 19 21 1 27 4 0.20659011 0.46620335

15 19 23 10 63 14 5 8 22 0.01368558 0.07288551

1946 1340 1662 1437 1175 1065 411 891 1000 0.01184549 0.06773004

6 20 3 6 3 0 0 3 0 3.17E-05 0.00118002

0 1 0 0 0 0 0 0 0 0.0199196 0.09520546

130 475 6171 4192 1158 3343 1099 2746 2924 0.06170888 0.21867936

42 30 24 11 2 2 1 1 3 0.00021629 0.00447959

40 62 91 60 61 59 13 17 44 0.1876568 0.44165691

1 0 0 0 0 0 0 0 0 0.09486019 0.2762803

0 2 0 0 0 0 0 0 0 2.11E-05 0.00093731

0 0 0 0 0 0 0 0 0 0.0135387 0.07269882

2 1 7 6 21 6 1 13 8 0.07127018 0.2464484

0 0 1 0 0 0 0 0 0 1 1

2 1 20 28 11 28 22 23 11 0.51952004 0.76130924

0 0 1 0 0 0 0 0 0 1 1

1 3 19 13 7 121 3 30 67 0.02498968 0.11038095

847 1210 9905 5395 7506 7789 8473 3768 3425 0.30191648 0.5346388

0 0 1 1 2 5 1 0 2 0.0462724 0.17389465

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

0 0 1 0 0 0 0 0 0 0.34426564 0.58337378

0 0 4 0 2 0 3 0 5 0.02526028 0.11104989

0 0 1 1 0 0 0 0 1 0.71923557 0.90275157

0 0 1 0 1 1 3 0 0 0.72065147 0.90275157

11 60 13 3 13 4 3 27 20 0.00384351 0.03088064

0 0 3 1 0 5 1 0 2 0.83478372 0.98753789

4 1 2 0 0 1 1 1 0 0.0277968 0.11775735

101 98 338 267 221 260 277 58 47 0.49647659 0.7427226

26 52 2172 1517 1632 3334 384 713 938 0.00069314 0.00958327

1 0 4 3 2 2 2 9 3 0.64064147 0.8741989

0 0 1 0 0 2 0 3 0 0.3028855 0.5346388

0 0 1 0 0 0 0 0 0 1 1

0 0 0 0 0 0 0 0 0 0.00044361 0.00717452

1 1 7 13 3 4 6 0 0 0.41618558 0.67150147

2 0 0 0 0 0 0 0 0 0.00147341 0.01660629
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miRNA 
Information

Breast 
Normal

chromosome start end miRNA strand
SRR 
191548

SRR 
191549

SRR 
191554

SRR 
191578

SRR 
191581

chrX 146353852 146353926 hsa-mir-510 - 1 0 0 0 0

chr17 6920933 6921020 hsa-mir-195 - 768 31 25 560 176

chr17 27188672 27188748 hsa-mir-4732 - 2 0 2 0 0

chr1 156390132 156390221 hsa-mir-9-1 - 34 1 0 16 34

chrX 146307343 146307470 hsa-mir-513a-2 - 0 0 0 0 0

chr19 54485560 54485651 hsa-mir-935 + 2 1 0 0 1

chr1 24255559 24255637 hsa-mir-378f + 88 68 76 12 39

chr16 820182 820277 hsa-mir-662 + 0 0 0 0 0

chr13 92003144 92003226 hsa-mir-19a + 894 19 10 710 281

chr18 13611112 13611199 hsa-mir-4526 + 2 0 0 0 0

chr4 111781737 111781803 hsa-mir-297 - 0 0 0 0 0

chr3 20179056 20179133 hsa-mir-3135a + 2 1 1 0 0

chr8 81153623 81153708 hsa-mir-5708 + 1 1 0 0 0

chr20 59139619 59139683 hsa-mir-
548ag-2

+ 0 0 0 0 0

chrX 28513671 28513780 hsa-mir-6134 - 1 0 0 0 0

chr1 68649200 68649293 hsa-mir-1262 - 3 2 1 0 1

chr22 22007269 22007347 hsa-mir-301b + 6 0 0 6 3

chr6 170639848 170639932 hsa-mir-4644 + 1 0 0 0 1

chr16 2320713 2320773 hsa-mir-3677 + 0 0 0 0 0

chr5 174178736 174178790 hsa-mir-4634 + 1 1 4 0 0

chr14 100575755 100575851 hsa-mir-151b - 74 8 10 20 18

chr4 67142541 67142646 hsa-mir-1269a + 1 0 0 0 0

chr2 177465707 177465780 hsa-mir-1246 - 8 3 2 2 3

chr1 172113674 172113784 hsa-mir-199a-2 - 5245 995 1547 3210 3759

chrX 76225828 76225926 hsa-mir-325 - 2 0 0 0 0

chr9 4850296 4850375 hsa-mir-101-2 + 2938 121 89 5344 1719

chr1 143163749 143163822 hsa-mir-3118-2 + 0 0 0 0 0

chr1 176998498 176998581 hsa-mir-488 - 124 0 0 5 14

chr13 102619991 102620096 hsa-mir-2681 - 1 0 0 0 0

chr2 220158832 220158922 hsa-mir-153-1 - 42 8 6 7 14

chr2 75317938 75318041 hsa-mir-5000 + 0 0 0 0 0

chr9 135821093 135821158 hsa-mir-548aw + 9 1 4 1 4

chr2 219144847 219144911 hsa-mir-6513 - 2 0 0 2 0

chr17 7991373 7991465 hsa-mir-4314 + 0 0 0 0 0

chr4 79741905 79741975 hsa-mir-5096 + 15 4 5 1 1

chr19 54172410 54172508 hsa-mir-512-2 + 5 0 0 1 1

chr3 103242876 103242960 hsa-mir-548ab - 0 0 0 0 0

chr12 116866056 116866123 hsa-mir-4472-2 - 0 0 0 0 0

chr3 10436172 10436246 hsa-mir-885 - 1 0 2 0 0

chr14 101341369 101341441 hsa-mir-665 + 79 31 14 10 10

chr4 9557788 9557937 hsa-mir-548i-2 - 0 0 0 0 0

chr8 27559189 27559284 hsa-mir-3622b - 3 4 0 1 0

chr14 101533060 101533138 hsa-mir-656 + 5 0 0 3 4
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Breast 
IDC

SRR 
191582

SRR 
191617

SRR 
191602

SRR 
191603

SRR 
191604

SRR 
191605

SRR 
191615

SRR 
191622

SRR 
191631 p-value adj-p-value

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

163 623 3176 1354 607 1258 68 468 697 0.99990033 1

0 0 0 0 0 0 0 0 0 0.01042004 0.06157765

79 37 43 18 39 264 27 9 22 0.50175708 0.74822015

0 0 1 0 0 0 1 0 0 1 1

1 0 10 3 5 39 0 6 0 0.10884583 0.2966208

7 28 9 4 7 27 12 8 8 0.00044233 0.00717452

0 0 1 0 0 0 0 0 0 1 1

212 493 4546 3996 1042 1301 1655 1316 1008 0.29332039 0.53082447

0 0 13 1 5 8 0 0 1 0.13800532 0.35046582

0 0 2 0 1 0 0 0 0 0.71923558 0.90275157

0 0 3 1 2 6 0 2 3 0.74917106 0.92101749

1 1 1 0 1 0 1 0 0 0.30539054 0.53593028

0 0 5 2 0 4 0 0 0 0.03730011 0.14730381

0 1 1 1 1 0 0 1 0 0.71657056 0.90275157

0 2 0 0 0 0 0 0 0 0.00051856 0.00805502

4 1 22 39 28 86 28 65 24 0.02601406 0.11329487

0 0 0 0 0 0 0 0 0 0.09486019 0.2762803

0 0 2 0 3 8 0 0 1 0.03110358 0.12998785

0 0 1 0 0 0 1 0 1 0.11892936 0.3139037

9 33 168 76 128 218 21 37 78 0.74552729 0.91787508

0 1 0 0 0 0 0 0 0 0.09486019 0.2762803

1 6 12 20 29 33 6 17 2 0.52141922 0.7628928

5211 3057 15646 13443 16092 15039 2636 3874 6687 0.90093138 1

0 0 0 0 0 0 0 0 0 0.09486019 0.2762803

1427 3118 14927 4417 3320 4302 13428 1369 2124 0.95833044 1

0 0 1 1 0 0 0 0 0 1 1

13 15 12 13 0 0 68 0 0 0.00380961 0.03087437

0 0 1 0 0 0 0 0 0 0.34426564 0.58337378

9 23 27 9 8 55 2 8 14 0.10875373 0.2966208

0 0 2 2 1 1 0 1 0 0.27846304 0.51493562

2 4 8 1 4 2 6 3 3 0.13500522 0.34598184

1 0 2 2 0 1 0 0 0 0.17082632 0.40718703

0 0 1 0 0 1 0 0 0 1 1

4 1 8 10 6 17 2 15 3 0.52497458 0.76330157

2 1 4 0 2 0 1 2 0 0.1022153 0.28437213

0 0 4 0 5 6 0 2 7 0.01274968 0.07201637

0 0 4 0 0 2 3 1 1 0.0447423 0.16951147

0 0 1 4 1 4 1 0 2 0.70238781 0.90275157

35 11 29 19 35 18 1 4 7 0.01451578 0.0751595

0 0 1 0 0 1 0 1 0 0.71923557 0.90275157

0 1 2 2 0 0 1 1 0 0.07850385 0.26037575

9 3 16 9 14 10 3 0 7 0.72026382 0.90275157
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miRNA 
Information

Breast 
Normal

chromosome start end miRNA strand
SRR 
191548

SRR 
191549

SRR 
191554

SRR 
191578

SRR 
191581

chr14 105144030 105144086 hsa-mir-4710 - 1 1 0 0 0

chr7 29720349 29720444 hsa-mir-550a-3 - 3 4 4 1 5

chr22 20020661 20020743 hsa-mir-185 + 1269 310 553 598 190

chr15 89155055 89155165 hsa-mir-7-2 + 30 1 7 11 11

chr17 78393217 78393293 hsa-mir-4730 + 0 0 0 0 0

chr14 101520642 101520718 hsa-mir-382 + 285 61 28 25 138

chr3 168269641 168269737 hsa-mir-551b + 51 1 4 21 5

chrX 118780700 118780811 hsa-mir-766 - 19 4 5 3 2

chr11 9111858 9111926 hsa-mir-5691 - 0 0 0 0 0

chr3 50210758 50210852 hsa-mir-566 + 0 0 0 0 0

chr10 91352503 91352584 hsa-mir-107 - 499 28 32 403 197

chr14 101514994 101515085 hsa-mir-544a + 1 0 0 0 0

chr19 54264386 54264476 hsa-mir-516a-2 + 4 0 0 0 0

chr9 131154896 131154993 hsa-mir-219-2 - 4 2 0 2 0

chr11 118514717 118514797 hsa-mir-6716 + 2 0 1 0 1

chr2 189842817 189842887 hsa-mir-1245a + 0 0 0 0 0

chr4 10080234 10080316 hsa-mir-3138 - 1 0 0 0 0

chr12 109230683 109230782 hsa-mir-619 - 6 3 3 1 1

chr11 111383662 111383746 hsa-mir-34b + 60 2 0 10 7

chr8 27559193 27559276 hsa-mir-3622a + 3 4 0 1 0

chrX 16645134 16645208 hsa-mir-548am - 5 1 2 6 1

chr14 64561741 64561843 hsa-mir-548h-1 - 0 0 0 0 0

chr17 46709851 46709921 hsa-mir-196a-1 - 32 3 19 13 26

chr14 101510534 101510620 hsa-mir-1185-2 + 23 0 0 2 12

chr17 36875943 36876001 hsa-mir-4726 + 1 1 1 0 1

chr1 19223564 19223642 hsa-mir-1290 - 1 0 0 0 0

chr9 6007825 6007904 hsa-mir-4665 + 1 0 0 0 0

chr11 43602943 43603033 hsa-mir-129-2 + 18 11 6 11 22

chr11 59362549 59362631 hsa-mir-3162 - 1 0 0 0 0

chr1 236016299 236016360 hsa-mir-1537 - 0 0 0 0 0

chr7 99691615 99691697 hsa-mir-106b - 1192 99 138 1500 916

chrX 145082570 145082649 hsa-mir-891b - 1 0 0 0 0

chr11 57408670 57408759 hsa-mir-130a + 2074 66 32 1000 2229

chr2 69330813 69330887 hsa-mir-3126 + 0 0 0 0 0

chr3 31203195 31203279 hsa-mir-466 - 2 0 0 0 0

chr11 126858353 126858438 hsa-mir-3167 - 1 0 0 0 0

chr5 15935290 15935369 hsa-mir-887 + 113 72 67 5 28

chr17 73780601 73780688 hsa-mir-4738 - 1 0 1 0 0

chr21 17962556 17962645 hsa-mir-125b-2 + 18755 8865 13473 4824 5389

chr19 20510080 20510163 hsa-mir-1270-1 - 4 1 2 1 1

chr5 132763287 132763398 hsa-mir-1289-2 - 0 0 0 0 0

chr12 95228173 95228289 hsa-mir-492 + 0 0 0 0 0

chr1 117102645 117102733 hsa-mir-548ac - 0 0 0 0 0

chr19 46178185 46178282 hsa-mir-642a + 9 1 3 3 2
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Breast 
IDC

SRR 
191582

SRR 
191617

SRR 
191602

SRR 
191603

SRR 
191604

SRR 
191605

SRR 
191615

SRR 
191622

SRR 
191631 p-value adj-p-value

1 0 0 0 0 0 0 0 0 0.0207146 0.09750507

0 0 6 4 4 7 2 3 3 0.47222851 0.71331762

126 245 1158 1476 2091 2224 305 557 329 0.76403572 0.92898156

6 8 126 108 161 756 293 146 93 0.00745674 0.04859919

0 0 1 0 0 0 0 3 0 0.68634275 0.90275157

124 55 66 86 131 91 23 18 64 0.02193024 0.10019112

2 28 4 19 7 7 4 5 11 0.00510918 0.0368377

5 4 13 23 26 39 10 11 13 0.95916624 1

0 0 1 0 0 0 0 0 0 1 1

0 0 3 1 2 3 2 2 0 0.03124172 0.12998785

111 197 2237 1058 1123 1811 2991 1048 912 0.10062959 0.28400472

0 5 8 6 1 1 2 5 5 0.57986475 0.81581943

1 2 3 1 10 2 0 460 0 6.63E-05 0.00199388

1 0 2 7 5 4 11 4 2 0.66847996 0.90275157

0 0 0 0 0 0 0 0 0 0.0070372 0.04684765

0 0 1 1 1 1 0 1 2 0.28679032 0.52204801

1 0 4 6 1 9 0 2 1 0.16203541 0.39430026

3 1 7 10 3 5 1 7 0 0.49889436 0.74514349

5 10 79 30 12 8 4 10 86 0.64026532 0.8741989

0 1 2 2 0 0 1 1 0 0.07850385 0.26037575

2 1 12 8 6 17 8 10 6 0.72904282 0.90716677

0 0 3 0 1 0 0 3 1 0.1041783 0.28811327

17 38 1517 313 1420 2223 30 126 487 0.00073706 0.00981346

8 7 12 15 9 9 5 4 3 0.08617664 0.2762803

0 0 0 0 0 0 0 0 0 0.01357253 0.07269882

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

10 14 6 1 2 3 4 3 1 0.00020077 0.00425273

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

0 0 2 1 1 6 1 1 4 0.02240375 0.10168384

417 1647 8148 5044 4292 9853 2071 8317 5126 0.114897 0.30549845

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

1279 1877 2293 1491 1284 1473 486 2450 962 0.11054548 0.30003945

0 0 1 4 2 1 0 2 0 0.07083911 0.24635094

0 0 2 2 2 16 4 1 0 0.11966696 0.3139037

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

8 27 50 11 29 16 60 13 12 0.02695382 0.11523376

1 0 1 0 0 1 1 0 1 0.50916975 0.75276704

5625 3188 10370 6814 4708 5290 222 1666 2122 0.00014469 0.00329431

2 1 1 1 7 16 1 2 1 0.70882537 0.90275157

0 0 1 0 0 1 0 0 0 1 1

0 0 2 1 0 2 0 2 0 0.27846304 0.51493562

0 0 7 1 3 7 2 2 6 0.00787455 0.05061433

1 1 3 11 3 19 0 1 0 0.38442023 0.63412329
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miRNA 
Information

Breast 
Normal

chromosome start end miRNA strand
SRR 
191548

SRR 
191549

SRR 
191554

SRR 
191578

SRR 
191581

chr2 11907569 11907651 hsa-mir-548s + 0 0 0 0 0

chr1 95211415 95211456 hsa-mir-378g - 26 16 37 4 6

chr6 155174493 155174570 hsa-mir-1273c + 7 5 1 0 1

chr1 32552549 32552608 hsa-mir-5585 + 0 0 0 0 0

chr14 101530831 101530915 hsa-mir-541 + 1 0 0 0 0

chr22 28316513 28316599 hsa-mir-3199-2 + 5 0 8 1 1

chr6 119390211 119390308 hsa-mir-548b - 17 0 1 2 12

chr8 41128566 41128662 hsa-mir-548ao - 0 0 0 0 0

chr10 35368525 35368608 hsa-mir-3611 - 20 14 12 0 2

chr6 135560297 135560394 hsa-mir-548a-2 + 0 0 0 0 0

chr22 49937040 49937114 hsa-mir-3667 - 1 1 1 0 0

chrX 149396238 149396318 hsa-mir-2114 + 2 0 0 2 0

chrX 133303838 133303907 hsa-mir-20b - 19 1 8 146 28

chr14 102026623 102026759 hsa-mir-1247 - 37 30 68 2 3

chr2 176032360 176032437 hsa-mir-933 - 1 0 0 0 0

chrX 146340277 146340368 hsa-mir-509-2 - 0 0 0 0 0

chr7 34980371 34980446 hsa-mir-548n - 1 0 0 1 4

chr17 13446845 13446963 hsa-mir-548h-3 - 4 0 0 3 3

chr19 54200786 54200871 hsa-mir-525 + 1 0 0 0 0

chr10 6194158 6194240 hsa-mir-3155a + 1 0 2 0 0

chr8 100548863 100548958 hsa-mir-599 - 0 0 0 0 0

chr14 101506405 101506485 hsa-mir-376a-2 + 511 240 36 109 224
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Breast 
IDC

SRR 
191582

SRR 
191617

SRR 
191602

SRR 
191603

SRR 
191604

SRR 
191605

SRR 
191615

SRR 
191622

SRR 
191631 p-value adj-p-value

0 0 4 2 0 10 1 2 3 0.01319859 0.07269882

3 9 5 2 3 8 3 8 5 0.00260431 0.02360966

0 0 4 5 2 11 2 1 0 0.44479723 0.70097152

0 0 2 0 0 0 0 0 0 1 1

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

0 4 4 1 3 4 5 0 4 0.20394699 0.46247833

3 5 10 20 4 12 14 17 8 0.55251643 0.79073

0 0 1 0 0 1 0 5 0 0.29112969 0.52788496

3 5 9 14 26 21 11 17 6 0.56872303 0.80609294

0 0 2 3 0 7 2 1 1 0.02176641 0.10019112

0 0 2 1 1 0 1 0 0 0.77199449 0.93372218

2 0 60 10 3 12 13 5 64 0.00376858 0.03080977

13 22 88 58 29 523 88 124 881 0.13512595 0.34598184

3 4 10 31 20 5 0 0 1 0.01054979 0.06183902

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

0 0 0 0 0 0 0 0 1 1 1

1 0 2 4 3 4 0 3 3 0.89357109 1

3 0 9 8 2 19 6 7 3 0.70277707 0.90275157

0 0 0 0 0 0 0 0 0 0.27554357 0.51361322

0 0 0 0 0 0 0 0 0 0.02467257 0.1100062

0 0 0 0 0 86 2 0 0 0.00071406 0.00964504

568 236 148 104 144 96 23 23 65 0.00066728 0.00958327
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Table S5  List of differentially expressed miRNAs

miRNA Information Breast Normal

chromo-
some start end miRNA strand

SRR 
191548

SRR 
191549

SRR 
191554

SRR 
191578

SRR 
191581

chr11 2155363 2155439 hsa-mir-483 - 201 95 53 4 12

chr5 149112387 149112453 hsa-mir-378a + 8867 4096 7011 1053 2691

chr14 101506026 101506092 hsa-mir-376c + 1564 1580 112 248 900

chr8 41517958 41518026 hsa-mir-486 - 800 158 1223 2070 166

chr17 27188388 27188456 hsa-mir-451b + 13127 781 1856 163887 5476

chr4 5925001 5925055 hsa-mir-378d-1 - 166 130 161 29 41

chr22 42319225 42319301 hsa-mir-378i - 263 196 157 28 104

chr21 17911408 17911489 hsa-mir-99a + 13414 6547 3467 3951 7922

chr8 22102474 22102556 hsa-mir-320a - 10074 6821 8313 1362 3652

chr18 47652868 47652933 hsa-mir-4320 - 29 18 63 11 6

chr10 132760850 132760931 hsa-mir-378c - 794 462 544 83 292

chr20 60639857 60639941 hsa-mir-3195 + 158 35 414 6 6

chr14 101349315 101349412 hsa-mir-127 + 2918 978 645 113 728

chr11 121970464 121970552 hsa-mir-125b-1 - 18569 8831 13470 4792 5261

chr17 27188386 27188458 hsa-mir-451a - 13127 781 1856 163887 5476

chr5 85916313 85916392 hsa-mir-3607 + 100 166 42 3 41

chr17 27188550 27188636 hsa-mir-144 - 1133 2 47 10519 156

chr8 94928249 94928347 hsa-mir-378d-2 - 213 162 200 30 47

chr9 73424890 73425000 hsa-mir-204 - 52 22 10 16 14

chr1 24255559 24255637 hsa-mir-378f + 88 68 76 12 39

chr11 43602943 43603033 hsa-mir-129-2 + 18 11 6 11 22

chr21 17962556 17962645 hsa-mir-125b-2 + 18755 8865 13473 4824 5389

chr14 101506405 101506485 hsa-mir-376a-2 + 511 240 36 109 224

chr5 179442302 179442397 hsa-mir-340 - 5 1 0 59 1

chr1 154166140 154166219 hsa-mir-190b - 41 1 20 9 7

chr15 79502129 79502213 hsa-mir-184 + 2 1 3 0 2

chr5 54466359 54466450 hsa-mir-449a - 2 0 0 0 0

chr15 55665137 55665232 hsa-mir-628 - 0 0 0 0 0

chr2 219866366 219866430 hsa-mir-375 - 308 77 72 13 81

chr7 129414531 129414609 hsa-mir-96 - 164 7 2 36 24

chr17 46709851 46709921 hsa-mir-196a-1 - 32 3 19 13 26
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Breast IDC

SRR 
191582

SRR 
191617

SRR 
191602

SRR 
191603

SRR 
191604

SRR 
191605

SRR 
191615

SRR 
191622

SRR 
191631 p-value adj-p-value

16 15 35 5 6 6 1 2 5 2.69E-05 0.00108376

1024 2209 752 796 1065 1969 720 943 571 1.67E-06 0.00012973

1891 854 365 314 349 253 89 117 390 5.32E-05 0.00179823

82 197 253 90 78 52 5 13 20 2.48E-07 2.57E-05

3409 8109 6793 2032 2083 1434 2664 566 806 7.01E-18 3.27E-15

23 36 13 15 15 36 15 7 5 0.00014083 0.00329431

33 67 23 18 30 86 24 20 21 0.00068373 0.00958327

6958 5595 6273 4268 3615 4186 610 1604 3831 0.0002366 0.00469175

2864 1160 2095 1746 3159 2426 821 842 694 1.24E-05 0.00063984

4 0 11 5 4 7 0 0 0 0.00028508 0.00494969

94 201 73 52 90 179 119 80 65 0.00029239 0.00495475

20 0 11 20 7 11 0 2 1 2.01E-06 0.00014435

773 543 472 553 689 483 54 88 354 0.00069921 0.00958327

5540 3123 10308 6759 4623 5243 216 1595 2113 0.00014492 0.00329431

3409 8109 6793 2032 2083 1434 2664 566 806 7.01E-18 3.27E-15

14 3 1 3 1 5 8 1 2 3.58E-07 3.33E-05

116 451 789 256 168 163 108 80 115 7.18E-08 8.37E-06

24 40 20 19 22 43 15 12 3 0.00015176 0.00336753

42 30 24 11 2 2 1 1 3 0.00021629 0.00447959

7 28 9 4 7 27 12 8 8 0.00044233 0.00717452

10 14 6 1 2 3 4 3 1 0.00020077 0.00425273

5625 3188 10370 6814 4708 5290 222 1666 2122 0.00014469 0.00329431

568 236 148 104 144 96 23 23 65 0.00066728 0.00958327

5 28 954 731 131 916 357 728 503 0.00028393 0.00494969

5 10 1316 128 23 1242 862 3 255 0.00049045 0.00774742

1 3 138 385 213 23795 10 56 13 3.07E-12 9.53E-10

0 2 15 245 92 40 4 2 246 7.25E-06 0.00045065

0 0 23 14 15 36 13 10 17 5.75E-05 0.00184834

68 117 11449 443 312 9400 2208 374 2460 0.00025614 0.00484292

26 52 2172 1517 1632 3334 384 713 938 0.00069314 0.00958327

17 38 1517 313 1420 2223 30 126 487 0.00073706 0.00981346
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    Abstract     Noncoding RNAs are by defi nition RNA molecules with a short open 
reading frame that are not translated into proteins. With hundreds of publications 
yearly, these new players have emerged as master regulators of multiple biological 
processes. One specifi c subset of ncRNAs, namely, microRNAs, received prevalent 
attention over the past decade, yet it forms only the tip of the iceberg. The noncod-
ing RNA world is constantly expanding, whether it is by exploring novel classes of 
ncRNAs or by gaining further insight into their function. Noncoding RNAs are split 
in two main classes according to their size: short ncRNAs and long ncRNAs, each 
class encompassing various subclasses. In this chapter we focus on the most impor-
tant subclasses of ncRNAs (e.g., piRNAs, snoRNAs, lincRNAs, T-UCRs), high-
lighting the illustrative examples. Furthermore, we discuss their potential 
involvement in therapy and diagnostics and what the future might reserve for these 
key regulators.  
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10.1         Introduction 

 It was only a few decades ago, that research was driven by the central dogma: 
DNA → RNA → Protein and it was commonly assumed that genes are synonymous of 
proteins, the key regulators and effectors of biological processes. RNA was merely the 
intermediate in this equation. But with the latest disclosure that 97–98 % of the tran-
scriptional output of the human genome is non-protein-coding RNA (ncRNA) [ 1 ] the 
perspective gradually changed, unleashing a noncoding RNA revolution. Moreover, 
ncRNAs seem to constitute the majority of the transcriptional output in other animals 
as well, such as Drosophila, with an intron–exon ratio of approximately 1:1 [ 2 ]. 

 By defi nition, “noncoding RNAs” are RNA molecules with a short open reading 
frame (sORF < 100 codons), that are not translated into proteins. However, there is 
growing evidence that sORFs present in some ncRNAs are being translated into 
small functional peptides [ 3 ,  4 ], and it has recently been argued that a RNA mole-
cule can possess both coding and noncoding activities [ 5 ]. 

 One specifi c subset of ncRNAs, namely microRNAs received ample attention 
from the scientifi c world. With hundreds of publications yearly, they are the best 
characterized ncRNAs, yet they represent only the tip of the iceberg [ 6 ]. The non-
coding RNA world is constantly expanding, whether it is by exploring novel classes 
of ncRNAs or by gaining further insight into their function. While identifying novel 
noncoding RNAs has become more accessible, mostly due to the high-throughput 
technologies available (e.g., tilling arrays, cDNA sequencing, RNA-seq), exploring 
their functions is still challenging. Undoubtedly, they fulfi ll a wide range of physi-
ological and pathological functions, as they dominate the genomic output of higher 
organisms and most of them are evolutionarily conserved. This chapter focuses 
mainly on the roles of ncRNAs in cancer (initiation, progression, and metastasis).  

10.2     Small Noncoding RNAs vs. Long Noncoding RNAs 

 Noncoding RNAs can be categorized into two main classes based on their 
transcript size:

    1.    Small noncoding RNAs.   
   2.    Large/long noncoding RNAs.    

with the arbitrary cutoff of 200 nucleotides (Table  10.1 ). Depending on the type of 
ncRNA, transcription can occur by any of the three polymerases (RNA Pol I, II, or III).

10.2.1       Small ncRNAs 

 The  small ncRNAs  (18–200 nt) class is reasonably perceived as the miRNA class 
and not much is known about the other members of this class. They are highly 
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conserved, generally named according to their genomic localization or function 
(e.g., transcription initiation RNAs—tiRNAs, centromere repeat associated small 
interacting RNAs—crasiRNAs, or promoter associated small RNAs—PASRs) and 
have a DICER-dependent (e.g., siRNAs, snoRNA) or DICER-independent (e.g., 
piRNA) mechanisms of biogenesis, though vaguely described. Small ncRNAs are 
involved in transcriptional and posttranscriptional gene silencing by specifi c base 
pairing with their targets. 

 This chapter discusses all representatives of the sncRNA class, with the excep-
tion of miRNAs, which are in detailed presented elsewhere in this book. 

10.2.1.1     Piwi-Interacting RNAs (piRNAs) 

 PiRNAs are typically 24–32 nt long RNAs, DICER-independent and bind the PIWI 
subfamily of Argonaute proteins that are involved in maintaining genome stability 
in germ line cells [ 7 ,  8 ]. They were fi rst described as Piwi-dependent small RNAs 
mapping to the Drosophila fl amenco locus [ 9 ], and initially designated as repeat- 
associated small interfering RNAs (rasiRNAs) [ 10 ], as they were thought to derive 
only from transposons and other repeated sequence elements [ 8 ]. It is now clear that 
piRNAs can be also derived from complex DNA sequence elements and also that 
rasiRNAs are a subclass of piRNAs [ 7 ]. 

 Their exact mechanism of biogenesis is still poorly understood, but a new mech-
anism was described by Brennecke et al., similar to secondary siRNA generation, 
named the ping-pong model. According to this mechanism, the antisense piRNAs 
associate with PIWI/AUB complex while sense piRNAs associate with AGO3 

   Table 10.1    Types of noncoding RNAs   

 Type  Subclass  Symbol  Examples  References 

  Small ncRNAs  
(17–200 nt) 

 MicroRNAs  miRNAs  miR-15/16, miR-21  [ 122 ,  123 ] 
 Tiny transcription initiation 

RNAs 
 tiRNAs  Associated with the 

CAP1 gene 
 [ 45 ] 

 PIWI-RNAs  piRNAs  piR-651, piR-832  [ 19 ,  20 ] 
 Transcription start-site 

associated RNAs 
 TSSa-RNAs  Associated with 

RNF12 and 
CCDC52 genes 

 [ 42 ] 

 Small nucleolar RNAs  snoRNAs  U50, snoRD114-1  [ 35 ,  39 ] 
 Promoter-associated short 

RNAs 
 PASRs  [ 43 ] 

  Long ncRNAs  
(more than 
200 nt) 

 Long intergenic RNAs  lincRNAs  MALAT-1, HOTAIR  [ 66 ,  79 ] 
 Long intronic RNAs  lncRNAs  COLDAIR  [ 86 ] 
 Transcribed ultraconserved 

regions 
 T-UCRs  UC.338, UC.73  [ 95 ,  101 ] 

 Pseudogenes  PTENP1  [ 104 ] 
 Telomere-associated 

noncoding RNAs 
 TERRAs  [ 107 ,  108 ] 
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protein. The PIWI and AUB proteins bind to maternally deposited piRNAs (primary 
piRNA), generating a complex that subsequently binds to the transcripts produced 
by retrotransposons and cleaves them forming a sense piRNA (secondary piRNA) 
capable of binding to AGO3. Finally, piRNA-AGO3 complex binds to the ret-
rotransposon transcript, creating another set of antisense piRNAs [ 11 ,  12 ]. 

 The complex formed by piRNAs and PIWI proteins suppresses transposable ele-
ment expression and mobilization by two distinct mechanisms, both described in 
 Drosophila melanogaster :

    1.    Cleavage of transposable element transcripts by PIWI proteins, mediated by 
piRNAs through base-pair recognition [ 13 ].   

   2.    Heterochromatin mediated gene silencing [ 14 ].    

  The PIWI subfamily, as well as piRNAs, has been associated with germ cell 
development, stem cell self-renewal, and retrotransposon silencing. 

 In cancer, piRNAs are understudied and were until recently thought to be absent 
in cancer cells. However, the growing body of evidence showing the human PIWI 
orthologs, termed HIWI, to be modifi ed in a variety of human cancers [ 15 – 18 ], sug-
gests that in a tumorigenic state components of the piRNA-PIWI pathway of a cell 
are altered. 

 One example of piRNA aberrantly overexpressed in numerous cancers (e.g., gas-
tric, colon, lung, and breast), compared to normal tissue, is piR-651 [ 19 ], that was 
shown to induce G2/M arrest and therby promote the development of cancer. On the 
contrary, expression of piR-832 in gastric cancer was considerably lower than in nor-
mal tissue and artifi cially increased levels of piR-832 inhibited the growth of gastric 
cancer cells [ 20 ]. Intriguingly, the peripheral blood levels of both piR-651 and piR- 
832 were signifi cantly lower in patients with gastric cancer than those of controls, 
implying piRNAs could be valuable biomarkers in diagnosing gastric cancer [ 21 ]. 

 Similarly, PIWI proteins have also been implicated in cancer development; 
PIWIL1 overexpression was linked to cell cycle arrest [ 18 ] and PIWIL2 overexpres-
sion to anti-apoptotic signaling and cell proliferation [ 22 ]. Additionally, ectopic 
expression of the genes encoding PIWI and other components of the piRNA machin-
ery was shown to induce brain tumor growth [ 23 ].  

10.2.1.2     Small Nucleolar RNAs (snoRNAs) 

 SnoRNAs range in size from 60 to 300 nt and represent one of the abundant groups 
of small ncRNAs described in eukaryotes. They are found predominantly in the 
nucleus and are components of small nucleolar ribonucleoprotein complexes 
(snoRNPs), which are responsible for sequence-specifi c 2′-O-methylation [ 24 ] 
and pseudouridylation [ 25 ] of ribosomal RNA (rRNA). The sequences of snoR-
NAs are responsible for guiding the assembled snoRNPs to a specifi c target. In 
vertebrates, most of the snoRNAs are located within introns of protein-coding 
genes and transcribed by RNA Pol II, but they can be also processed from introns 
of lncRNAs [ 26 ,  27 ]. 
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 There are two major subclasses of snoRNAs, based on the presence of short 
consensus sequence motifs: (a) Box C/D (RUGAUGA/CUGA) and (b) Box H/ACA 
(ANANNA/ACA) [ 28 ,  29 ]. Within both subclasses, there are two functionally dis-
tinct groups that are likely not to be involved in pseudouridylation and methylation. 
The box H/ACA snoRNA, snR30 and the box C/D snoRNA, U3 and U14, are 
required for cleavage of the pre-ribosomal RNAs at the early processing site [ 30 ]. 

 SnoRNAs are modulators of maturation and stabilization of rRNAs, these post-
transcriptional modifi cations being essential for the production of precise and effi -
cient ribosomes [ 31 ]. Interestingly, it was shown that snoRNAs are processed to 
produce small RNAs with miRNA-like functions (sno-miRNAs) [ 32 ]. Thus, the 
sno-miRNAs could have dual functions, as snoRNA and as precursor miRNA [ 33 ]. 

 Several studies have indicated that alterations of snoRNAs play critical roles in 
cancer development and progression. The fi rst report linking snoRNAs to cancer 
was presented by Chang et al., who proved that h5sn2, a box H/ACA snoRNA, was 
signifi cantly downregulated in human meningiomas compared with normal brain 
tissues [ 34 ]. Consequently, Dong et al. identifi ed snoRNA U50, in the common 
region of deletion at chromosome 6q14–15, in prostate cancer. Of the 11 genes 
located in this region, only U50 is mutated in prostate cancer cells [ 35 ]. Moreover, 
chromosome    6q14–15 is at a breakpoint of chromosomal translocation t(3;6)
(q27;q15) for human B-cell lymphoma [ 36 ]. Other studies showed that growth 
arrest specifi c 5 (GAS5), a gene that hosts ten intronic snoRNAs and also encodes 
an lncRNA, controls mammalian apoptosis and cell growth [ 37 ]. GAS5 transcript 
levels were found to be substantially decreased in breast cancer samples relative to 
adjacent unaffected normal breast tissue. 

 Recently, Wang Z. group revealed that an H/ACA box snoRNA-derived 
miRNA50, miR-605 is potentially involved in stressed-induced stabilization of 
the p53. As p53 transcriptionally activates MDM2, one of its negative regulators, 
in addition to miR-605, the sno-miRNA might offset the MDM2 negative feed-
back loop, thus generating a positive feedback loop to enable rapid accumulation 
of p53 [ 38 ]. 

 Furthermore, the fi nding that snoRD112-114 located at the DLK1-DIO3 locus 
are ectopically expressed in acute promyelotic leukemia (APL), suggests there is a 
relationship between chromosomal translocation and expression of snoRNA loci. 
Additionally, the in vitro experiments showed that the snoRD114-1 variant pro-
motes cell growth through G0/G1 to S phase transition mediated by the Rb/p16 
pathway [ 39 ].  

10.2.1.3    Telomere Specifi c Small RNAs (Tel-sRNAs) 

 Tel-sRNAs are a recently described class of small noncoding RNAs, approximately 
24 nt long and 2′-O-methylated at the 3′ end. Their processing is DICER-independent 
and they are evolutionary conserved, similarly to piRNAs. It was reported that tel- 
sRNAs are upregulated in cells that carry null mutation of histone H3K4 methyl-
transferase MLL and downregulated in cells that carry null mutations of histone 
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H3K9 methyltransferase SUV39H, suggesting that they are subjected to epigenetic 
regulation, supporting the concept that tel-sRNAs are heterochromatin associated 
pi-like small RNAs [ 40 ]. Moreover, telomerase TERT activity was shown to be 
inhibited in vitro by an 18-mer RNA oligo of (UUAGGG) 3  through RNA duplex 
formation in the template region of the telomerase RNA component [ 41 ].  

10.2.1.4    RNAs Associated with Transcription Start Site/Promoters 

 Various classes of small ncRNAs that are associated with transcription start site of 
the genes, have been described such as transcription start site-associated RNAs 
(TSSs- RNAs) [ 42 ], promoter-associated small RNAs (PASRs) [ 43 ], promoter 
upstream transcripts (PROMPTs) [ 44 ] and transcription initiation RNAs (tiRNAs) 
[ 45 ]. Their size ranges from 16 to 200 nt and they are transcribed both sense and 
antisense around the promoter, yet they are not associated with any known protein-
coding genes. These promoter-associated RNAs are assumed to be involved in tran-
scription regulation by targeting epigenetic silencing complexes, even though their 
functions are not well described. Therefore, it is supposed that their altered expres-
sion might be linked to different diseases, including cancer. Watanabe et al. 
strengthen this assumption by demonstrating they have the potential to form dou-
ble-stranded RNAs and to be processed further into endogenous siRNAs [ 46 ].   

10.2.2     Long/Large ncRNAs 

 Long noncoding RNAs (lncRNAs) form a heterogeneous class of noncoding tran-
scripts, that can be transcribed both sense and antisense, from intronic or intergenic 
regions by RNA Pol II and display epigenetic marks consistent with a transcribed 
gene (H3K4me3 at the gene promoter, H3K36me3 throughout the gene body). They 
were originally discovered by large-scale sequencing of full-length cDNA libraries 
in mouse [ 47 ]. The molecular mechanisms by which this class of noncoding RNAs 
controls gene expression at various levels including chromatin modifi cation, tran-
scriptional and posttranscriptional processing, are not yet entirely understood [ 48 , 
 49 ]. This gene regulation can be achieved by targeting either genomically local 
 ( cis - regulation ) or genomically distant ( trans -regulation) genes (Fig.  10.1 ). Four 
possible mechanisms of lncRNAs action have been characterized recently by Wang 
and Kang [ 50 ] and according to the authors these molecules can act as signals, 
decoys, guides or scaffolds. In addition, a new type of long ncRNAs as gene enhanc-
ers, named eRNAs, has also been associated with transcriptional regulation [ 51 ].

   This class of ncRNAs forms the largest part of the mammalian noncoding tran-
scriptome [ 52 ] and for most part is expressed in a disease-, tissue-, or developmental- 
stage manner converting them into attractive therapeutic targets [ 53 – 55 ]. 

 The dispute around the proper term for this class of noncoding RNAs is an ongo-
ing matter, whether they are referred to as long or large mRNA like-RNAs, they 
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have all the above listed characteristic and should not be wrongly described as 
 lincRNAs (long or large intergenic RNAs) which are a subclass of lncRNAs. 
T-UCRs and antisense RNAs fall as well under the lncRNA umbrella term, and in 
this chapter we use the general term “long noncoding RNA” when defi ning the 
entire class. 

 Initial reports describing long noncoding RNAs preceded the discovery of 
 miRNAs , XIST and H19 as being the fi rst characterized lncRNAs. H19 is involved 
in imprinting, while XIST plays a critical function in X-chromosome inactivation 
[ 56 ,  57 ]. Yet with the discovery of the fi rst miRNA, lin-14 [ 58 ] and their announced 
association with cancer [ 59 ] the focus of the ncRNA research diverted to the class 
of small ncRNAs. However, the emerging evidence of the past decade suggests that 
lncRNAs play an essential role in tumor biology with a greater complexity of their 
functions. 

10.2.2.1    Long Intergenic ncRNAs (lincRNAs) and Long Intronic ncRNAs 

 As implied by their names, the main difference between these two subclasses of 
long noncoding RNAs is their genomic locus: lincRNAs are transcribed from 
genomic regions between protein-coding genes, while lncRNAs from the introns of 
protein-coding genes. On the other hand, both subclasses have been shown to be 
evolutionary conserved [ 60 – 63 ]. With nearly 3,000 identifi ed transcripts by histone 
mark signatures [ 60 ,  64 ], lincRNAs are much better described in the literature than 
long intronic ncRNAs. 

 After surveying several studies, Koziol and Rinn concluded that lincRNAs are 
required for the proper establishment of chromatin domains, possibly by steering 
epigenetic modifying complexes to their specifi c destinations [ 65 ]. This notion is 
supported by Khalil et al. study showing that lincRNAs bind to PRC2 and multiple 
other chromatin modifying complexes and are required for proper PRC2 mediated 
gene repression at gene loci that are normally repressed by PRC2 [ 64 ]. 

 One of the fi rst lincRNAs associated with cancer was  MALAT-1  (Metastasis- 
Associated Lung Adenocarcinoma Transcript 1), validated as a prognostic marker 

trans mechanism of gene regulation (e.g. HOTAIR)cis mechanism of gene regulation (e.g. XIST)

Allele 2

Allele 1 Allele 1

Allele 2

Gene A Gene B

a b

  Fig. 10.1    Long ncRNAs— cis  vs.  trans  mechanism of gene regulation. LncRNAs can regulate 
gene expression via two distinct mechanisms: ( a )  cis -regulation, when they act upon genes located 
on the same allele; or ( b )  trans -regulation, when they act upon genes located on different alleles       
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for metastasis and patient survival in non-small-cell lung cancer (NSCLC) [ 66 ]. 
This highly conserved [ 67 ,  68 ] noncoding RNA is widely expressed in normal 
human tissues [ 66 ,  69 ] and upregulated in a variety of tumors, such as breast, pros-
tate, colon, liver or uterus [ 70 – 73 ]. 

 The 8 kb long MALAT-1 transcript can be subjected to posttranscriptional pro-
cessing to yield a tRNA-like small cytoplasmic RNA molecule of 61 nucleotides, 
named mascRNA [ 74 ]. Although the function of the mascRNA is unknown so far, 
the generation of small RNAs by posttranscriptional processing of lncRNAs, 
emerges as a potential central theme of the ncRNA biology. 

 MALAT-1 is retained in the nucleus and particularly localizes to nuclear speck-
les [ 69 ]. Nuclear speckles are considered to be involved in the assembly, modifi ca-
tion and/or storage of pre-mRNA processing machinery [ 75 ]. It has recently been 
reported that MALAT-1 is guiding alternative splicing of pre-mRNA by modulating 
the levels of serine/arginine rich splicing factors proteins [ 68 ]. Moreover, depletion 
of MALAT-1 affects the processing of a subset of pre-mRNAs relevant for cancer 
biology [ 76 ]. 

 Furthermore, a recent study has implicated this lincRNA in the regulation of cell 
motility in lung cancer cells [ 77 ] and is thought to be achieved by transcriptional or 
posttranscriptional regulation of motility related genes. Additionally, RNA 
interference- mediated silencing of MALAT-1 reduced cell proliferation and inva-
sion of cervical cancer cells in vitro [ 78 ]. 

 A second lincRNA involved in cancer metastasis is  HOTAIR  (HOX Antisense 
Intergenic RNA), located in the mammalian HOXC locus at chromosome 12q13.13 
[ 79 ]. It was found to be highly upregulated in both primary and metastatic breast 
tumors and its expression level in primary tumors positively correlates with metas-
tases and poor outcome [ 80 ]. The same study showed that HOTAIR overexpression 
induces epigenetic changes (histone methylation) via PRC2 (polycomb repressive 
complex 2), consequently increasing cancer invasiveness and metastases. The 
HOTAIR RNA appears to be functioning as a scaffold, binding PRC2 complex, 
responsible for H3K27 methylation in the 5′ region of the RNA and LSD1, a histone 
lysine demethylase that mediates enzymatic demethylation of H3K4ME2 in the 3′ 
region of the RNA molecule [ 81 ,  82 ]. The result is the transcriptional silencing of 
the HOXD locus, which is responsible for remodeling of gene expression pattern of 
epithelial breast cells in order to resemble embryonic fi broblast (Fig.  10.2 ).

   Further studies have described altered levels of HOTAIR in solid cancer—low 
levels in colon cancer [ 83 ], and high levels in hepatocellular carcinoma; the latter 
were correlated with both liver metastases and poor survival [ 84 ]. Furthermore, 
HOTAIR may be a prognostic marker not only for HCC recurrence [ 84 ], but also for 
lymph node metastases in HCC [ 85 ]. Collectively, these studies suggest that 
HOTAIR reprograms chromatin state to promote cancer metastasis by a mechanism 
not entirely elucidated. 

 Similar to HOTAIR, Heo et al. described a long intronic noncoding RNA termed 
 COLDAIR  (Cold Assisted Intronic noncoding RNA), which is required for the 
vernalization- mediated epigenetic-repression of FLC by PRC2 [ 86 ]. 
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 The fi rst long noncoding RNA introduced as a potential tumor suppressor is 
 MEG3  (Maternally Expressed Gene 3). It is expressed in many normal human 
 tissues, with the highest levels in the brain and pituitary gland [ 87 ,  88 ], while in 
cancer cells the expression is lost implying a potential role in suppression of cell 
growth. A possible mechanism of silencing is hypermethylation of the MEG3 regu-
latory region, which leads to loss of MEG3 expression [ 88 ]. 

 MEG3 is a paternally imprinted, single copy gene comprised of 10 exons [ 87 ]. 
At least 12 isoforms have been detected by alternative splicing, with common exons 
1–3 and 8–10, but varying in the combination of exons 4–7 [ 89 ]. Distinctly, the last 
intron of MEG3 encodes for miR-770, similar to the presence of miR-675 in H19 
[ 90 ]. Investigations into the functions of MEG3 have linked this ncRNA to the noto-
rious tumor suppressor, p53. It was documented that MEG3 can stimulate both 
p53-dependent and p53-independent pathways, contingent upon its secondary 
structure [ 89 ,  91 ]. 

  HULC  (Highly Upregulated in Liver Cancer) is a lincRNA discovered in a 
microarray-based study of gene expression in hepatocellular carcinoma in 2007 
[ 92 ]. This evolutionary conserved ncRNA, transcribed from chromosome 6q24.3 is 
a promising biomarker candidate. In addition to liver cancer, colorectal carcinomas 
with metastasis to the liver, as well as HCC cell lines producing hepatitis B virus 
present high levels of HULC [ 93 ]. This lncRNA appears to be part of an intricate 
auto-regulatory network, which when disturbed leads to increased expression of 
HULC [ 94 ]. It functions as a “molecular decoy” or “miRNA sponge” binding miR- 
372, which results in derepression of PRKACB, a kinase targeting cAMP response 
element binding protein (CREB) and subsequent induction of HULC.  

HOTAIR

PRC2
complex

Chr 12 HOXC

Chr 2 HOXD
Transcription

Methylation

LSD1

LSD1
PRC2

complex

  Fig. 10.2    Functional mechanism of HOTAIR. HOTAIR, ncRNA is transcribed from the HOXC 
locus and by binding the PRC2 and LSD1 complex, mediates repression of transcription at the 
HOXD locus, a known PRC2 target       
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10.2.2.2    Transcribed-Ultraconserved Region (T-UCRs) 

 Transcribed-ultraconserved regions are evolutionary conserved sequences located 
both in intragenic and intergenic regions of the human genome [ 95 ,  96 ]. They were 
fi rst described in 2004 by Bejerano et al., who reported the presence of 481 seg-
ments in the human genome, that were larger than 200 nt and harbored 100 % iden-
tity with mouse and rat [ 97 ]. These ultraconserved regions are transcribed into 
products ranging from 200 to 779 nt in length and are classifi ed into fi ve categories 
according to location: intergenic (38.7 %), intronic (42.6 %), exonic (4.2 %), partly 
exonic (5 %), or exonic-containing (5.6 %) [ 98 ] (Fig.  10.3 ).

   Their high degree of conservation combined with their tissue-specifi c expres-
sion, suggests that UCRs are likely to be of important to both ontogeny and phylog-
eny and have functionality in basic biology. Calin et al. have proven that differentially 
expressed UCRs in cancer systems could alter the functional characteristics of 
malignant cells. Moreover, UCRs reside in genomic regions associated with spe-
cifi c types of cancer and their specifi c patterns of expression in solid tumors and 
hematological malignancies can differentiate between phenotypically distinct 
groups [ 95 ]. 

 Their functions are not well understood; it was proposed that untranscribed 
UCRs may function as enhancers [ 99 ], while T-UCRs may act as antisense inhibi-
tors for protein-coding genes or other noncoding RNAs, such as miRNAs. The 
opposite is plausible as well, miRNAs targeting T-UCRs, especially because of the 
signifi cant antisense complementarity of T-UCRs with miRNAs and the negative 
correlation between expression of specifi c T-UCRs and predicted interactor  miRNAs 
[ 95 ,  100 ]. Furthermore, there is also evidence to suggest that epigenetic modifi ca-
tions can regulate T-UCRs [ 100 ]. 

 One example of T-UCR relevant in colon cancer is UC.73A, which is one of the 
most upregulated T-UCRs, with an oncogenic effect on cell proliferation [ 95 ]. 
Similar, UC.338 was found to be signifi cantly upregulated in HCC cell lines and 
to be part of a larger transcriptional unit, TUC338, which is involved in cell 
growth [ 101 ].  

10.2.2.3    Pseudogene RNAs 

 Pseudogenes are gene copies that do not code for proteins and are typically identi-
fi ed through annotation of disabled, decayed or incomplete protein-coding 

exon exon exon

Exonic (uc.28)Partly exonic (uc.417) 

Intergenic (uc.10)Intronic (uc.368)

Exon containing (uc.454)

  Fig. 10.3    Genomic locations of T-UCRs       
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sequences. Initially thought to have no function, it has recently been reported that 
some pseudogenes harbor the potential to regulate their protein-coding genes [ 102 , 
 103 ]. For example, pseudogene pair: PTEN and PTENP1 (Phosphatase and Tensin 
homolog Pseudogene 1) share 3′UTR regions of their RNA transcripts, which both 
bind the same miRNAs. By binding the miRNAs, the PTENP1 lncRNA diminishes 
the effects of translational repression on PTEN, in this way allowing expression of 
the tumor suppressor. Specifi c mutations in the miRNA binding sites in PTENP1 
cancer cells revoke PTENP1 function as a “miRNA decoy,” leading to re-repression 
of PTEN and tumor growth [ 104 ]. 

 Moreover, MYLKP1 (Myosin Light chain Kinase Pseudogene 1) is partially 
duplicated from the MYLK gene, which encodes non-muscle and smooth muscle 
myosin light chain kinases (smMLCK) isoforms implicated in the regulation of cell 
contractility and cytokinesis. The pair displays negatively correlated transcriptional 
patterns in normal and cancer cells with MYLKP1 strongly expressed in cancer 
cells, whereas smMLCK is highly expressed in non-neoplastic cells [ 105 ].  

10.2.2.4    Telomere-Associated Noncoding RNAs 

 The replication potential of normal cells is limited due to the appearance of 
either senescence or crisis, with the latter fi nally ending in cell death. On the 
 contrary, cancer cells show nearly unlimited replicative potential. Telomeres, 
the chromosome ends, are crucial for the replication limit, as well as for chromo-
some stability [ 106 ]. 

 It was believed until recently that telomeres are transcriptionally silent, when 
several groups independently reported that subtelomeric and telomeric regions, 
even though devoid of genes, can be transcribed into telomeric UUAGGG-repeat 
containing ncRNAs, termed TERRA [ 107 – 109 ]. TERRA molecules are conserved 
among eukaryotes and are believed to function as negative regulators of telomeres 
by directly inhibiting the telomerase enzyme [ 110 ]. HnRNP A1, a protein interac-
tion partner of TERRA, acts together with POT1 (protection of telomerase 1) to 
remove RPA (replication protein A) from the telomeric ssDNA after DNA replica-
tion in order to promote telomere capping and preserve genomic stability [ 111 ]. For 
maintaining telomerase-mediated telomere lengthening, reduction of TERRA tran-
scription is required. Thus, telomerase-positive cancer cells with high levels of sub-
telomeric methylation present low levels of TERRA compared with matched 
ALT-positive cancer cells or normal cells (Ng et al., Nucleic Acid Res, 2009). 
Moreover, Sampl et al. showed that the expression of TERRA in patients with 
 glioblastoma multiform negatively correlates with the tumor grade, proposing a 
diagnostic value for TERRA molecules [ 112 ]. 

 Recently, the GENCODE group [ 113 ] within the ENCODE (Encyclopedia of 
DNA elements) framework has produced a complete, high-quality human lncRNA 
annotation to date. Furthermore, an extensive list of long noncoding RNAs associ-
ated with cancer is provided in an overview article from Spizzo et al. [ 5 ].    
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10.3     Noncoding RNAs in Therapy and Diagnostics 

 The evidence linking small and long noncoding RNAs to pathological conditions 
and, in particular, cancer development and progression is increasing and it is advanc-
ing the idea that ncRNAs may become valuable therapeutic targets and useful bio-
markers for diagnostic purposes. Until now, most of the work in this area has been 
focused on miRNAs and two main therapeutic approaches for targeting miRNAs 
have been developed: (a) inhibiting miRNA function; and (b) restoring miRNA 
function. Both approaches can be transposed to developing therapies for other non-
coding RNAs if our understanding of their mechanism of action expands. It has 
been argued that mediating transcriptional gene silencing (TGS) pathways, 
 especially those of tumor suppressors and oncogenes, could be of high therapeutic 
benefi t [ 114 ], but successful inhibition of lncRNAs has proven to be more diffi cult 
than with miRNAs, mainly because of their complex secondary structures. Several 
positive results in knocking down lincRNAs have been reported, though [ 80 ,  115 ]. 
New bioinformatics methods to identify inhibitors for lncRNAs are being devel-
oped, one such example being SELEX (Systematic evolution of ligands by expo-
nential enrichment) [ 115 ]. This method has already been used for determining RNA 
sequences that bind to pri-miRNAs [ 116 ]. An alternative way of targeting lncRNAs 
would be with small molecule compounds, which have already been tested for other 
uses in clinical trials to determine toxicity, pharmacokinetics and pharmacodynam-
ics, some of them being already FDA approved for use in humans. This concept is 
currently investigated for miRNAs and we believe it could be an answer for other 
ncRNA- targeting therapies. 

 Long ncRNA may be valuable biomarkers for diagnosis, prognosis and predic-
tion of response to therapy. Like circulating miRNAs, detectable in a wide variety 
of body fl uids, lncRNAs have proven utility as fl uid-based markers of specifi c can-
cers. Supporting this concept is the transformation of the prostate specifi c lncRNA, 
DD3, into a highly specifi c, nucleic acid amplifi cation-based marker of prostate 
cancer, which presents greater specifi city then serum prostate specifi c antigen (PSA) 
[ 117 ,  118 ]. HULC is a different example of lncRNA detected in the blood of hepa-
tocarcinoma patients. Hence, it is reasonable to assume that a plethora of lncRNAs 
will be identifi ed in various body fl uids in the near future. 

 Additionally, tissue specifi city and altered expression levels of lncRNAs in 
tumors compared to normal tissue, features shared among these noncoding RNAs, 
recommend these biomolecules for future clinical research.  

10.4     NcRNAs: Where Do We Go from Here? 

 The noncoding RNA revolution is constantly expanding, although much effort is 
still required to determine and comprehend the full extent of their potential. To 
advance towards the fi nal aim of translating all this knowledge into clinical practice, 
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two challenges need to be overcome: identifying all functional ncRNAs encoded in 
the human genome and understanding their mechanism of function. 

 Various genomic, epigenomic, and bioinformatics approaches have been taken in 
the attempt to fi nd novel noncoding RNA elements in the human genome. Methods 
such as microarray-based profi ling or second-generation sequencing (e.g., RNA- 
seq) contribute considerably to the assembling of a more detailed picture of the 
human ncRNA transcriptome. Additionally, several algorithms have been devel-
oped to identify potentially functional ncRNAs, such as RNAz, FOLDALING, 
RNAfold, or QRNA. 

 The biggest challenge though is exploring the functions and mechanism of 
action of the novel molecules. The classical RNA-interference method had already 
been implemented in in vitro studies, and it has gathered valuable mechanistic 
information. A step further is animal models, which render important details about 
function of ncRNAs in vivo. Moreover, the general assumption is that ncRNAs 
function in ribonucleoprotein complexes and as such, identifying their protein inter-
action partners will tell us more about their mechanism of action. In this sense, 
methods using complementary oligonucleotides to pull down ncRNAs associated 
with chromatin have been introduced: ChIRP (Chromatin isolation of RNA purifi -
cation) and CHART (capture hybridization analysis of RNA targets) [ 119 ,  120 ]. 
Supplementary approaches are RIP-seq (RNA immunoprecipitation-sequencing) 
and PAR-CLiP (Phosphoactivatable-ribonucleoside-enhanced cross-linking and 
immunoprecipitation) [ 121 ]. 

 However, the key question remains: how will we effi ciently translate the molecu-
lar signatures established in the laboratory to the clinical practice?     
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    Abstract       MicroRNAs (miRNAs) are involved in human carcinogenesis. Several 
studies have shown that restoring a normal miRNome (defi ned as the full spectrum 
of miRNA expression in a given genome) in cancer cells can exert an antitumoral 
effect. Therefore, miRNA-based anticancer treatments can be envisioned. This 
chapter discusses the translational aspects of miRNA research with particular focus 
on the different delivery methods to over-express/silence specifi c miRNAs as well 
as on the clinical trials currently ongoing and using miRNA-based treatments.  

  Keywords       microRNA   •     Translational     •   Delivery   •     Profi ling   •     Trials  

11.1         Introduction 

 Recently, microRNA (miRNA) research has suggested that these small molecules 
may harbor a remarkable therapeutic potential in many diseases. These small, 18–25 
nucleotide in length, molecules are endogenously processed in the cell through a 
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highly organized and orchestrated set of events that integrates polymerases, ribo-
nucleases, traffi cking binding proteins, directing proteins to the ‘UTRs, and modi-
fying/stabilizing proteins. All of these factors contribute to the eventual regulation 
of endogenous mRNA transcripts. A multitude of studies have demonstrated global 
dys-regulation of miRNAs across both solid and hematological malignancies. 
In addition, studies focused on select miRNA: target relationships have shown that 
miRNAs alter processes fundamental to tumor initiation and progression. While the 
exact mechanisms of biogenesis, traffi cking, and mRNA–miRNA silencing remains 
the subject of intense investigation, it is increasingly apparent that their patterns of 
expression have the potential to inform clinical decision making. The manner by 
which endogenous “fi ne-tuning” of the genome can be leveraged for therapeutic 
benefi t represents an emerging area of investigation. 

 Given their ability to alter several cellular, molecular and biological processes, 
miRNA modulation in a biological system represents an ideal avenue for tuning 
homeostasis in the bioenvironmental condition. However, the path from laboratory 
based miRNA investigation to in vivo manipulation and eventual human applica-
tion is full of several challenges. The ability for miRNAs to simultaneously regu-
late multiple biological pathways while attractive also contributes to their 
complexity as potential therapeutics. Nevertheless, we have observed that miRNAs 
can inform clinical decision making beyond therapeutic delivery. miRNA signa-
tures may function as diagnostic, prognostic and therapeutic biomarkers and are 
actively being investigated in the setting of several ongoing clinical trials. In addi-
tion, while still early, select, well-studied miRNAs such as miR-122 have reached 
clinical trial as directed therapies. Thus, there are clear translational applications 
for miRNAs to the study of cancer. In this chapter, we review the translational 
implications of miRNA biology in cancer with a focus on defi ning miRNA signa-
tures for clinical use, addressing the challenges and opportunities in both human 
and animal miRNA delivery and lastly, discuss the state of miRNA in clinical trials. 
We should also recognize that there are several other members of the ncRNA fam-
ily including lncRNA, Ultraconserved regions (UCRs), and small nucleolar RNAs 
(snoRNAs) that contribute to fundamental biology. Given that most investigations 
of these members remain at the in vitro and early in vivo stages, they are not the 
focus of the review.  

11.2     Global miRNA Profi ling and Clinical Decision Making 

 One of the earliest observations in miRNA biology was that miRNA are globally 
altered in malignancy [ 1 ]. Such initial observations have lead to a series of both 
global and single functional miRNA studies all focused on elucidating the role for 
these molecules in tumor biology. Investigators have noted that select miRNAs are 
either up-regulated or down-regulated in solid and hematological malignancies and 
tend to be localized to fragile regions of the human genome [ 2 ]. Thus, miRNAs have 
been described as either functioning as disease specifi c tumor suppressors, 
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oncogenes or in select cases, both [ 3 ]. Similarly to the early days of transcriptome 
profi ling, several studies have applied miRNA signatures for the purposes of identi-
fying a biomarker for diagnosis, prognosis, or therapeutic response [ 4 ]. For exam-
ple, miRNA profi ling studies have identifi ed signatures in lung cancer, breast cancer, 
colorectal cancer, lymphoma, and acute leukemia to name a few and also suggest 
that malignancies may be classifi ed based on miRNA signature [ 5 – 11 ]. Importantly, 
global alterations in miRNA processing have also been associated with clinical out-
comes. For example, Karube et al. demonstrated that reduced expression of the key 
processing endonuclease Dicer was associated with poor outcome and poorly dif-
ferentiated lung tumors [ 12 ]. A more recent study by Khoshnow et al. showed that 
loss of Dicer expression correlated with higher histological grade and recurrence 
[ 13 ]. Faggad et al. showed that reduced Dicer within colorectal cancer correlated 
with shorter survival [ 14 ]. 

 However, miRNA studies are susceptible to pitfalls similar to those of other plat-
forms including reproducibility, determination of ideal assay for measurement and 
need for optimal bioinformatics analysis [ 15 ]. Despite these concerns, investigators 
have identifi ed several miRNAs including miR-155, let-7, miR-21, and miR-34 for 
example as miRNAs fundamental to tumor development. These miRNAs are now 
being integrated into clinical trials as biomarkers for clinical decision making. 

11.2.1     Noninvasive miRNA as Biomarkers in Cancer 

 A multitude of studies have demonstrated that miRNAs are detectable by less inva-
sive means including circulation, sputum and urine. However, the circulation 
remains the best studied noninvasive compartment for miRNA detection [ 16 ,  17 ]. 
Distinct circulating miRNA signatures have been identifi ed in cancers including 
lung (miR-21, miR-210, and miR-486-5p) and breast (miR-195 and let-7a) [ 18 – 20 ]. 
However, these signatures have yet to reach clinical application. A recent elegant 
study conducted by Boeri et al. utilized a circulating miRNA signature as a predic-
tive biomarker in lung cancer screening. The investigators were able to identify a 
miRNA pattern that could predict the development of lung cancer among a group of 
individuals at high risk for the development of lung cancer [ 21 ]. 

 miRNA localization in the circulation must also be considered when utilizing 
them as potential biomarkers. We now know that patterns for miRNA expression 
may vary between serum, peripheral blood mononuclear cells, and whole blood and 
[ 22 ] each of these compartments may carry differing yet important information. 
This is an important consideration during the development of any circulating 
miRNA biomarker for clinical application. Recently, exosomes have emerged as 
important carriers of miRNA as well as a means for intercellular communication 
[ 16 ,  23 – 28 ]. In addition to miRNA, these membrane bound particles (30–100 nm) 
may harbor lipids, mRNA or proteins [ 29 ]. miRNA signatures within  exosomes 
have been identifi ed in renal cell, ovarian, hepatocellular carcinoma and glioblas-
toma [ 26 ,  27 ,  30 ,  31 ]. 
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 Studies examining global miRNA expression are prone to biases similar to those 
observed in mRNA analysis. These biases may be driven by the starting materials 
(blood, primary tumor, fresh, frozen, paraffi n embedded), platform for analysis, and 
strategy for validation [ 15 ,  32 ]. Several platforms are currently utilized including 
hybridization, PCR, and most recently sequenced based and HITS-CLIP analyses 
[ 33 – 35 ]. However, investigators have yet to reach consensus on the most suitable 
detection method. What is increasingly clear is that in order for the profi ling of 
miRNAs to reach clinical application, it will have to be conducted and integrated 
within the context of a “biological system” that incorporates other components of 
the human genome coupled with robust informatics.   

11.3     Target Polymorphisms and miRNA Function 

 The loss of gene function or tumor suppressive properties can be refl ective of 
increased miRNA expression or mutations in seed sequences generating a new 
miRNA binding site within the mRNA 3′ UTR. Furthermore, a mutation while rare 
or a single nucleotide polymorphisms (SNP) in the 3′ UTR of genes do occur to 
alter miRNA seed sequences and may inhibit or enhance miRNA–mRNA interac-
tions. Recent studies identifi ed mutations in the 3′ UTR for several candidate cancer 
genes in ovarian breast and colon cancers [ 36 – 38 ]. While often no changes in gene 
expression are apparent for several of the mutated genes, investigators have yet to 
rule out transcriptional repression through the analysis of protein expression. 
Furthermore, in the case of ovarian cancers investigators identifi ed somatic muta-
tions in 6 % of the ovarian tumors in 5 miRNA genes. Notably, 4 of the miRNA 
mutations occurred in the hairpin loop, while one was present in the mature miRNA. 
Since proteins bind to the hairpin loop to regulate miRNA stability, it is likely that 
these mutations alter the miRNA expression. However, the functional consequences 
of such mutations are still unknown in ovarian cancer. 

 A study by Knotorovich and colleagues investigated changes in miRNA binding 
sites in genes associated with breast cancer. This study further expanded the concept 
of altered miRNA binding sites in a set of genes known to be associated with breast 
cancer patients positive for BRCA1 and BRCA2 gene mutations [ 39 ]. Using a com-
putational approach they identifi ed, approximately 17,500 miRNA binding sites in 
66 breast cancer related genes that had ~1,000 known single nucleotide polymor-
phisms (SNPs). Of these SNPs, they reported 4 SNPs that were statistically signifi -
cant in the risk of developing breast cancer. Of particular note, a SNP in ATF1 gene 
alters the binding of miR-320 and patients harboring this SNP have a twofold 
increase in developing not only breast cancer but ovarian cancer. Interestingly, a 
decrease in miR-320 expression has been noted in patients with breast cancer [ 40 ]. 
Thus, while miR-320 is decreased in breast cancer patients, using miR-320 as treat-
ment may not be benefi cial for all patients due to the presence of SNPs in the 
miRNA seed sequence in genes associated with breast cancer. Thus, other miRNAs 
that target these specifi c genes should be considered.  
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11.4     Chemotherapeutics and miRNA 

 miRNAs may also be used to guide decision making in the use of chemotherapeutic 
agents. Given that both solid and hematological tumors are heterogeneous, it is 
unlikely that any single line of agent will be uniformly successful. Given the pro-
pensity for miRNAs to target multiple pathways, patterns of their expression may be 
utilized to guide the choice of traditional agent. In addition, miRNA manipulation 
may also be used to augment the effects of chemotherapeutic agents. For example, 
global profi ling studies may distinguish “responders” versus “nonresponders.” 
Ferracin et al. determined that a miRNA signature could distinguish CLL patients 
who either responded or did not respond to fl udarabine [ 41 ]. In vitro, miRNAs can 
be used to sensitize cancer cells to an agent. Manipulation of miR-1 which is usually 
down-regulated in several solid malignancies, sensitized lung cancer cells to the 
commonly used doxorubicin [ 42 ].  miR-155  knockdown rendered breast cancer cells 
sensitive to chemotherapy through regulation of FOXO3a [ 43 ].  miR-21  has been 
implicated in several solid tumors. In particular miR-21 is over-expressed in non 
small cell lung cancer (NSCLC). A recent investigation determined that elevated 
miR-21 expression correlated with platinum based chemoresistance in NSCLC 
patients and that in vitro reduction could sensitize lung cancer cells [ 44 ]. A separate 
study by Garofalo et al. demonstrated that miRNA including miR-30b, miR-30c, 
miR-221, and miR-222 contribute to the acquired resistance to tyrosine kinase 
inhibitors that is often observed in NSCLC [ 45 ].  

11.5     Therapeutic Delivery of miRNA 

11.5.1     General Approach to miRNA Manipulation 

 Fundamentally, miRNA manipulation is based on either selective silencing or aug-
mentation of miRNA expression followed by careful examination for target expres-
sion and phenotypic effect. Thus two approaches exist for developing miRNA-based 
therapeutics: miRNA antagonists and miRNA mimics [ 46 ]. One would use miRNA 
mimetics or antagonists (antagomirs or anti-miRs) to replete or knockdown miRNA 
expression, respectively. While each modality uses similar strategies, there are some 
unique approaches to the molecular composition and delivery. It has been postu-
lated that the therapeutic application of targeting miRNAs should solely be based 
and their expression in disease tissue and not the gene target expression [ 47 ]. While 
this logic is simplistic in nature, knowing a set of genes targeted by a specifi c 
miRNA may enable one to use a combinatorial miRNA therapeutic approach. As 
such, this philosophy has been suggested to enhance the therapeutic effect in malig-
nancies by minimizing resistance to therapy [ 48 ]. miRNA antagonists are generated 
to inhibit endogenously expressed miRNA that are over-expressed in disease tis-
sues. Examples of miRNA inhibitors are anti-miRNAs, locked nucleic acids, and 
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antagomiRs. This approach is comparable to other inhibitory therapeutic methods 
that are focused on a single gene inhibition and follows machinery similar to that of 
short interfering RNAs (siRNA). These chemically engineered antagonists are 20 
(nucleotides) nt in length designed to complement target mature miRNA with high 
affi nity and specifi city causing silencing of expression and activity [ 49 ]. This often 
results in de-repression of the target mRNA. Since the binding between miRNA and 
antagomiR has irreversible complementary, it fails to be processed by RISC and 
undergoes degradation. One potential concern is that miRNA silencers may act as 
exogenous miRNAs and bind to other mRNAs causing unplanned side effects.  

11.5.2     Design of miRNA Mimetics and Antagomirs 

 The use of either miRNA mimetics or antagomirs involves short RNA molecules. 
Much of our understanding in the design and delivery of these molecules uses the 
short interfering (si) RNA technology. However, each of these molecules has specifi c 
characteristics and requirements to ensure their stability and function in vivo. To 
replete miRNA expression, short single stranded (ss) RNA molecules are used. These 
molecules can contain the same sequence and be perfectly complementary to the 
mature miRNA. While these mimics are not recognized as foreign to the body, they 
are 100–1,000-fold less potent than double stranded (ds) mimics [ 47 ]. Notably, in this 
context, mismatches are acceptable in the complementary strand. Improved stability, 
activity and half-life of the miRNA mimetics can be improved by using sugar and 
phosphate modifi cations including 2′-O-methyl, 2′F, 2′NH 2 , 2′H, phosphorothioates 
and locked nucleic acids (LNA) [ 47 ]. If using a ds mimic, these modifi cations can be 
incorporated in both strands. Notably, terminal modifi cation to the antisense strand of 
the mimic such as inverted bases, biotin, and alkyl groups do not alter the miRNA 
function. However, a tenfold increase in effectiveness has been reported in the miRNA 
mimic when a 2′-modifi ed nucleotide is incorporated in the sense miRNA strand and 
this modifi cation is added to the fl anking nucleotides in the antisense strand. 

 Antisense oligonucleotides that are either ss or ds can be effective in knocking 
down miRNA expression. These molecules act as a sink to bind the mature miRNA 
and can be partially or completely complementary to the miRNA. As with mimics, 
modifi cations of the antagomir increases hybridization with its miRNA target, sta-
bility, and cellular uptake. Modifi cations of 2′-O-methyl, 2′-O-methoxy ethyl, and 
LNA are advantageous and as well increase length. Furthermore, these modifi ca-
tions lead to optimal systemic delivery not requiring an adjuvant to increase cellular 
uptake. However, unlike the miRNA mimics, the miRNA antagonists can be per-
ceived as foreign by the immune system much like siRNA molecules. 

 There are three types of modifi ed anti-miRNA oligonucleotides (AMOs): 2-OH 
residues of the ribose by 2′-O-methyl modifi ed oligonucleotides (2′-OMe), 
2′-O-methoxyethyl (2′-MOE), and locked nucleic acid (LNA) [ 50 ,  51 ]. Recently, 
many studies have shown that in vivo targeting of miR-122 by 2′-MOE ASO intra-
peritoneally resulted in degradation of the miRNA and thus modulation of many 
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genes involved in lowering cholesterol levels and fatty acid in plasma of normal 
mice [ 52 ,  53 ]. In a diet-induced obesity mouse model, miR-122 inhibition increased 
fatty-acid oxidation, which led to signifi cant improvement in liver steatosis [ 54 ]. 
Alternatively, miRNA replacement therapy may involve the use of miRNA mimics 
with a goal of restoring miRNAs whose loss of function is believed to contribute to 
biological effect. Replacing miRNAs leads to reactivation of biological pathways 
and restoration of the normal cellular homeostasis [ 47 ]. For example, let-7 miRNA 
is known as a tumor suppressor in several solid malignancies through negative regu-
lation of multiple oncogenes including RAS, and cell cycle promoters [ 52 ,  53 ]. 
Intratumoral injection of let-7b reduces tumor growth in a K-ras-dependent mouse 
model of non small cell lung cancer (NSCLC). 

 One obstacle to in vivo miRNA repletion is the lack of prolonged stability. 
Adjuvant chemical modifi cation to the backbone of the therapeutic miRNAs has 
been shown to enhance and optimize miRNA activity, prevent their degradation in 
biofl uids and allow for target tissue specifi city. These modifi cations facilitate specifi c 
targeting for miRNA delivery. Cholesterol-conjugated single-stranded RNA (ssRNA) 
has been used to modulate miRNA expression to be directly delivered in vivo with 
stable, high effi ciency and specifi city [ 54 ,  55 ]. Several strategies are now available 
to enhance in vivo stability. These include 2′F,2′O-Me and 2′H substitutions of the 
RNA backbone to increase its stability while not affecting its effi ciency [ 56 ,  57 ]. 

 Several approaches to in vivo miRNA delivery have been investigated (Fig.  11.1 ). 
The most common effective dissemination route for most miRNA therapeutic 

  Fig. 11.1                
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delivery is systemic. In addition, there are multiple potential carriers that can 
enhance miRNA delivery to target diseased tissue. These should be carefully 
selected as inappropriate selection of a delivery vector can negatively affect gene 
activity (silencing or re-expression) leading to further off-target effects. Carrier sys-
tems are particularly advantageous because both pharmacokinetics and physical 
size can be altered by differents type of delivery systems resulting in variability in 
half-life [ 49 ,  58 ].

11.5.3        Vector Systems for miRNA Delivery 

 Several systems exist for miRNA delivery in which miRNA genes can either be 
over-expressed or silenced. Vector based delivery represents one modality. Modifi ed 
lentiviral, retroviral, or adenoviral vectors and adenoviral associated viral vectors 
represent the most effi cient approach in gene delivery [ 59 ]. Currently, many viral 
gene therapy clinical trials rely on adenoviruses and retroviruses. Additional viral 
vectors have been used such as lentiviruses, pox viruses, adeno-associated viruses 
(AAV), alphaviruses, and herpes viruses. These viral vectors differ in gene delivery 
effi ciency, permeability, stability, duration of genomic changes, and vital parame-
ters such as long-term expression, effi cacy, toxicity, targeting specifi city, ability to 
regulate gene expression and tolerability. For example, viral vector therapeutic 
treatment requires re-administration in growing cell populations to prevent any side 
effects of viral infection. 

 Currently, more that 2,500 gene therapy based trials are in progress in cancer and 
cardiovascular disease. However, trials involving miRNA delivery are limited to 
those targeting miR-122. Lentiviral vectors are another very promising method to 
deliver a short-hairpin RNA (shRNA) construct in many mammalian systems and in 
treating cancer. For example, lentiviral-shRNA delivery of let-7 in mice resulted 
in a downregulation of activated Ras oncogene and suppressed tumor growth [ 53 , 
 60 ]. In addition, introducing smad3-targeted shRNA using a lentiviral vector 
resulted in regeneration of satellite cells to repair-injured muscles and old tissues 
[ 61 ]. Reintroduction of the let-7 tumor suppressor miRNA by adenoviral or lentivi-
ral delivery provided proof-of-concept for let-7 novel miRNA replacement therapy 
to treat lung cancer [ 62 ]. A similar approach was effectively established for liver 
and metastatic prostate cancer [ 63 ,  64 ]. An attractive aspect to viral delivery lies in 
their ability to infect and transducer more than one cell, both dividing and nondivid-
ing cells and different cell types as well, yielding a prolonged expression of the 
therapeutic genes [ 46 ]. 

 However, there are also disadvantages. A lack of specifi city of viral infection can 
cause possible tRM leading to DNA mutations. Insertional mutagenesis or abnor-
mal gene expression can be triggered by viral infections, causing toxicity and 
immunogenicity. In addition, viral vectors are still potentially immunogenic even if 
they lack the pathogenic effect.  

D. Dakhallah et al.



273

11.5.4     Nanoparticle Delivery 

 Nanoparticles (NPs) are engineered small particles with <100 nm dimension 
 harboring robust kinetic stability and rigid morphology [ 65 ]. There are several NP 
properties that make them particularly suited for medical application. These proper-
ties include having a relatively large functional surface that allows for superior 
binding, absorption and carrying of other compounds. Engineered NP composition 
also varies; NPs may be composed of lipids, phospholipids, lactic acid, dextran or 
have chemical characteristics similar to many polymers, silica carbon and metals. 
For drug delivery, a biodegradable NP is essential for the transport and release of 
therapeutic drug in effi cient specifi c way. 

 Lipid Nanoparticles (LNPs) are safe and effectively used in drug delivery due to 
the biocompatibility of their lipid matrix. The most important advantages of LNPs 
are their ability to be used in topical drug delivery, the ability to modulate drug 
release and solubility and stability [ 66 ,  67 ]. LNPs can be delivered by several routes 
including intra muscular, subcutaneous and intravenous administration due to their 
small particle size, which enable LNPs to target particular organs. In addition, oral 
aqueous dispersion, tablets, pellets, capsules or powders spray-drying or freeze- 
drying are all viable options for delivery [ 67 ]. Recently, LNPs have been utilized for 
ocular delivery to enhance corneal bio-adhesion and drug permeation [ 67 ,  68 ]. 
There are, however, several potential obstacles to using nanoparticles including 
 toxicity, optimizing delivery, uptake and specifi c targeting which directly affects the 
therapeutic index [ 66 ]. Another method of in vivo delivery of miRNA—based ther-
apy using nanoparticles therapeutic delivery is facilitated by the use of natural prod-
ucts such as atelocollagen, a cationic polymer that electrostatically interacts with 
miRNAs. This approach leads to the formation of smaller nanoparticles that can 
increase specifi city by enhancing its permeability and retention [ 69 ]. 

 Recently, proof of concept for in vivo miRNA delivery was demonstrated using 
a murine model of NSCLC and lymphoma [ 70 ,  71 ]. Trang et al., showed that using 
a neutral lipid emulsion as a carrier to deliver miRNA (let-7) by either direct intra-
tumoral injection or by systemic injections resulted in reduced tumor growth and 
repression of many oncogenes. In addition, this method of therapeutic delivery, 
caused less accumulation of miRNAs in the liver or kidney suggesting high specifi c-
ity for the lung [ 70 ,  72 ].   

11.6     Human Delivery 

11.6.1     Preclinical Considerations for miRNA Therapy 
in Humans 

 There are several factors to consider prior to the design and initiation of miRNA 
therapies in human. While results in animal models are encouraging, translating 
these fi ndings to the clinic remains a challenge. While targeting a specifi c miRNA 
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may be optimal, there are conditions where expression of the enzymes Drosha and 
DICER (important in miRNA processing) are decreased. Notably, in ovarian, breast, 
and lung cancers, poor prognosis is associated with decreased expression of these 
enzymes [ 12 ,  13 ,  73 ]. It should be noted that in many malignancies, there appears 
to be an overall decrease in miRNA expression. Alternatively, it is possible that a 
master key miRNA regulator may exist that is critical in maintaining the expression 
of Drosha and Dicer. While in cancers, one would want to replete these miRNAs as 
treatment, it may be benefi cial to use several miRNAs as a combinatorial therapy. 
Therefore, these observations support the concept that combinatorial therapies may 
be more benefi cial [ 48 ]. As many studies in mice have shown, miRNAs are stable 
for long periods when injected intravenously. However, in humans, there are several 
limitations to the systemic administration of unmodifi ed naked miRNAs. These 
limitations include renal clearance and rapid degradation secondary to proteases in 
the serum and other body fl uids [ 47 ,  74 ,  75 ]. Additional issues encountered in 
miRNA therapy include failure to cross the capillary endothelium for large parti-
cles, uptake of the miRNAs by tissue macrophages, inability to enter the extracel-
lular matrix, ineffi cient cellular endocytosis, and the inability for release by the 
endosome within the cell. Therefore, numerous studies have investigated a variety 
of mechanisms, modifi cations and adjuvants to overcome these obstacles and 
enhance miRNA uptake and biological effi cacy. Wu and colleagues have reported 
that utilization of a cationic lipid increases the stability and permeability of the 
miRNAs in the lung when injected systemically compared to transfection reagents 
[ 78 ]. In that particular study, as expected, the liver compared to the lung preferen-
tially took up the lipoplex-miRNA complexes. Furthermore, when miRNAs were 
complexed with a transfection reagent as opposed to the lipoplexes, they were pri-
marily localized to the kidneys. 

 It is also important to note, that a single miRNA can target upwards of 100 genes 
[ 1 ]. Thus, systemic administration of miRNAs may not only be problematic for 
stability but may elicit off target effects. Just as modifi cations to the miRNA mimic 
or antagonist can increase their stability, additional optimizations can overcome the 
challenges of tissue specifi city. Several strategies have been developed such as viral 
vectors to target specifi c tissues. Intratumor administration appears to be benefi cial 
for breast and prostate cancers among others. Notably, inhalation and intranasal 
administrations may effi ciently deliver miRNAs and antagomirs to lung cancers. 
Similar to lipoplexes, Trang et al. have reported that complexing miRNA mimics 
with a cationic lipid solution enhances the uptake of the let-7b miRNA injected 
directly into tumors. As a result, repleting let-7b using an intratumor delivery route 
decreased tumor size in mice. Notably, administration of miR-34 in mice with 
NSCLC effectively reduces tumor growth [ 70 ]. Interestingly, fl uorescent naked 
miRNAs delivered intranasally are effi ciently and quickly taken up in murine lung 
tissue suggesting another potential method to deliver miRNAs to the lung [ 77 ]. 

 As previously mentioned, systemic delivery of miRNA mimics or antagomirs 
may lead to unwanted effects. However, systemic treatment with these molecules is 
still a desirable route of administration due to the ease of delivery. Thus, many stud-
ies have and currently are exploring tissue specifi c targeting using viral  particles or 
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lipid-based expression vectors. In fact, the use of adeno-associated viruses has 
proven successful to target lung cancer in murine models [ 76 ]. Others have reported 
that intranasal delivery of miRNAs encapsulated in viral particles can reduce tumor 
burden in murine lung cancer models. However, effi cient uptake of the expression 
vector has some limitations due to their size.   

11.7     miRNAs in Clinical Trials 

 On ClinicalTrials.gov website, currently there are 114 listed clinical trials involving 
miRNAs (Table  11.1 ). Many of these trials involve using miRNAs as biomarkers for 
a wide variety of diseases. Additional clinical trials are investigating the expression 
of miRNA processing machinery such as Dicer and Drosha since, as previously 
mentioned, these molecules are decreased in a wide variety of cancers. 

  Currently, Santaris/Mirna Therapeutics Inc. is at the forefront using an antagomir 
for miR-122 to treat hepatitis [ 59 ,  77 ,  78 ]. This company recently completed a 
Phase I trial to examine the safety, tolerated dose, Pharmacokinetics and 
Pharmacodynamics of the miR-122 antagomir in healthy men. More recently, the 
company has initiated a Phase II study using the LNA-modifi ed miR-122 antago-
nist, marketed as Miravirsen, to treat patients infected with hepatitis C virus. 
Currently, Mirna Therapeutics has seven other miRNAs in various stages for thera-
peutics including, miR-34, let-7b, and miR-16. 

 While the vast majority of these trials investigate cancers miRNAs are being eval-
uated, other diseases including diabetes, asthma, infl ammatory bowel disease, coro-
nary heart disease, and sepsis. In addition, since miRNA production is conserved 
among invertebrates as well as viruses, it is no surprise that viruses produce miR-
NAs. In fact, the majority of the viral miRNAs do not target the viral genome but 
rather the host. These viral miRNAs can recognize mRNA targets that are critical for 
the viral replication and hijack the immune response to evade detection. It is possible 
that understanding this miRNA expression pattern may help to identify latent and 
active viral infections. In fact, there are several clinical trials listed at ClinicalTrials.
gov to examine miRNA expression patterns in virally infected individuals.  

11.8     Summary 

 miRNAs represent small noncoding molecules that have the capacity for regulating 
fundamental biology. Successful in vitro and animal modeling has led to the possi-
bility of integrating miRNA biology into clinical diagnostics and therapeutics. The 
era of using a clinical miRNA signatures to guide traditional therapeutic decision 
making is upon us. While miRNAs as biomarkers are rapidly entering the clinics, 
using them as therapeutics remains more of a work in progress. The ongoing clinical 
trials using miR-122 in hepatitis are encouraging and it is anticipated that additional 
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   Table 11.1    Active clinical trials   

 Study type  Condition/disease  Sample type  Objectives/patient cohort  Status 

 Therapeutic  Hepatitis C  N/A  Antagomir to miR-122  Unknown 
 Specifi c 

mIRNA 
analysis 

 GVHD  Blood     *  miR-155 and global 
miRNA Expression 

 Recruiting 

 Colorectal 
carcinomas 

 Tissue  miR-21 expression in 
advanced disease 

 Recruiting 

 NSCLC and 
esophagus 
squamous cell 
carcinoma 

 Unknown  miR-326 expression  Ongoing, not 
recruiting 

 Prostate 
adenocarcinoma 

 Tissue  X-linked miRNAs  Upcoming 

 Pediatric AML  Bone marrow  miRs-34a, −538e, −193e 
and −198 

 Ongoing, not 
recruiting 

 Hypertension and 
CMV 

 Blood  hcmv-miR-UL 112  Unknown 

 Type 2 diabetic  Neointima  miRNAs-21, −126, −143 
and −145 

 Recruiting 

 miRNA 
Profi ling 

 Breast cancer  Tissue  Response to Bevacizumab 
therapy** 

 Upcoming 

 Blood/tissue  Treatment exposed breast 
tumors** 

 Recruiting 

 Blood  Response to tamoxifen or 
hormone therapy** 

 Upcoming 

 Tissue  Invasive lobular carcinoma 
in situ 

 Recruiting 

 Tissue  Unilateral breast cancer of 
epithelial origin 

 Recruiting 

 Tissue  HER2 Negative breast 
cancer** 

 Recruiting 

 Hematological 
malignancies 
and disorders 

 Blood/CSF  Pediatric leukemia, 
lymphoma and CNS 
Tumors** 

 Ongoing, not 
recruiting 

 Blood  B-cell acute lymphoblastic 
leukemia (ALL) 

 Upcoming 

 Blood/bone 
marrow 

 AML**  Recruiting 

 Tissue  Treatment resistant diffuse 
large B-cell lymphoma 

 Recruiting 

 Blood/bone 
marrow 

 Comparison of pediatric 
AML and ALL 

 Ongoing, not 
recruiting 

 Blood/bone 
marrow 

 Relapse Multiple Myeloma  Ongoing, not 
recruiting 

 Bone marrow  Pediatric Relapsed TEL/
AML 1-positive ALL 

 Recruiting 

 Bone marrow  Pediatric AML  Ongoing, not 
recruiting 

 Blood/bone 
marrow 

 Pediatric high-risk ALL  Recruiting 

(continued)
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 Study type  Condition/disease  Sample type  Objectives/patient cohort  Status 

 Blood/bone 
marrow 

 Acute myelogenous 
leukemia (AML) 

 Recruiting 

 Unknown  Pediatric ALL*  Unknown 
 Blood/tissue/

bone 
 Down syndrome and AML 

or 
 Ongoing, not 

recruiting 
 Marrow  Myeloproliferative disease 
 Unknown  Multiple myeloma: newly 

diagnosed** 
 Recruiting 

 Blood/bone 
marrow 

 Refractory AML**  Unknown 

 Blood  Chronic lymphocytic 
leukemia** 

 Recruiting 

 Blood  Relapsed or refractory 
T-cell lymphoma** 

 Recruiting 

 Blood  AML patients who failed 
standard-of- care 
treatment 

 Upcoming 

 Blood  Multiple myeloma: 
untreated previously 
diagnosed** 

 Ongoing, not 
recruiting 

 Blood/skin/
bone 
marrow 

 Hematological Disorders  Recruiting 

 Blood  Umbilical cord NK cells  Unknown 
 CNS Tumors  Tissue/blood  Pre-treatment miRNAs in 

Neuroblastoma 
 Recruiting 

 Tissue  Neurofi bromatosis Type 1  Recruiting 
 Blood/urine/

CSF 
 Pediatric CNS tumors**  Recruiting 

 Tissue  Renal, Brain and CNS 
Rhabdoid Tumors 

 Upcoming 

 Blood/tissue  Gliomas  Recruiting 
 Blood/CSF  Pediatric CNS tumors  Recruiting 
 Tissue  Pediatric Neuroblastoma  Unknown 
 Tissue/blood  Pediatric Adrenocortical 

Tumors 
 Ongoing, not 

recruiting 
 Tissue  CNS tumors  Recruiting 
 Tissue  High and low risk 

neuroblastoma 
 Ongoing, not 

recruiting 
 Blood/tissue/

bone 
marrow 

 Pediatric neuroblastoma, 
osteosarcoma, 
retinoblastoma, Ewing 
sarcoma and soft tissue 
sarcoma 

 Recruiting 

 Other malignancies  Blood  Ovarian carcinoma**  Recruiting 
 Tissue  Pediatric ovarian and 

testicular tumors 
 Ongoing, not 

recruiting 
 Tissue  Endometrial cancer: stage 

I–III 
 Unknown 

Table 11.1 (continued)

(continued)
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 Study type  Condition/disease  Sample type  Objectives/patient cohort  Status 

 Tissue  Renal cell carcinoma  Unknown 
 Tissue/blood  Renal cell carcinoma**  Recruiting 
 Tissue  Hepatocellular carcinoma  Recruiting 
 Tissue/blood/

bone 
 Chemoresistant and 

metastatic prostate 
cancer 

 Recruiting 

 Unknown  High risk prostate cancer  Recruiting 
 Blood  Hormone-resistant prostate 

cancer** 
 Recruiting 

 Tissue  Esophago-gastric 
Adenocarcinomas** 

 Recruiting 

 Tissue/blood  Metastatic colon cancer  Recruiting 
 Tissue/blood  Thyroid tumors benign and 

metastatic 
 Invitational 

 Tissue  Anaplastic thyroid 
carcinomas** 

 Recruiting 

 Lung cancers and 
diseases 

 Tissue/BAL  Asthmatic patients  Recruiting 

 Blood  Pulmonary arterial 
hypertension 

 Recruiting 

 Blood  Acute asthma exacerbation  Recruiting 
 Blood  Premenstrual asthma  Recruiting 
 Unknown  Advanced NSCLC**  Recruiting 
 Blood  NSCLC: stage IIIB-IV**  Ongoing, not 

recruiting 
 Tissue  Chest cancers: lung, 

esophagus. Gl, 
mesothelioma, and 
breast cancer** 

 Recruiting 

 Coronary heart 
disease 

 Unknown  Angina**  Recruiting 

 Organ 
transplantation 

 Blood/urine  Kidney transplant 
recipients 

 Recruiting 

 Unknown  CMV-infected organ 
transplant patients 

 Ongoing, not 
recruiting 

 Tissue/blood/
urine 

 Donor kidney  Recruiting 

 Tissue/blood  Liver allograft rejection  Ongoing, not 
recruiting 

 ICU/sepsis  Blood  Pulmonary and abdominal 
sepsis 

 Upcoming 

 Blood  Circulating septic miRNAs  Recruiting 
 Blood  Trauma-associated sepsis  Upcoming 
 Blood  ICU acquired paresis  Recruiting 
 Blood/BAL/

CSF/urine 
 SIRS and sepsis  Recruiting 

 Blood  Type 1 diabetes  Unknown 

(continued)

Table 11.1 (continued)
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miRNAs may reach such application. However, the complexities of miRNAs as true 
therapeutics in human cancer are not lost on investigators. Further preclinical test-
ing will be required prior to making miRNA-based therapeutics a reality.    
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