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Preface

In recent years, microRNAs (miRNAs) have been emerged as important players in 
physiological as well as malignant processes. Early research in developmental timing 
in Caenorhabditis elegans ( C. elegans) led to the discovery of lin-4, the first miRNA 
gene. Since then, studies have shown shown that miRNAs can participate in several 
developmental and disease processes, including embryogenesis, organ development, 
cellular proliferation, differentiation, developmental timing, cell cycle regulation, 
stem cell fate determination, aging, host–pathogen interactions, various human 
diseases, including heart diseases, muscular disorders and neurodegenerative dis-
eases, diabetes, hypertension, renal dysfunction, chronic hepatitis, acquired immune 
deficiency syndrome (AIDS), autoimmune disorders, cancer, obesity, and apoptosis.

miRNAs are a class of endogenous, small, non-protein-coding RNA molecules 
(~ 22 nucleotides), which are novel posttranscriptional regulators of gene expres-
sion. Using molecular cloning and bioinformatics prediction strategies, hundreds 
of miRNAs have been identified in worms, flies, fish, frogs, mammals, and flower-
ing plants. The human genome may encode over 1000 miRNAs, which may target 
about 60 % of mammalian genes and are abundant in many human cell types. Since 
we have hundreds of miRNAs, the major challenge is now to understand their spe-
cific biological function. In fact, the experimental evidence suggests that signaling 
pathways could be ideal candidates for miRNA-mediated regulation. It is interest-
ing to note that several studies suggests that miRNAs affect the responsiveness of 
cells to signaling molecules such as WNT, Notch, TGF-β, and EGFR.

Altered expression of particular miRNAs has been implicated in the onset and 
development of cancer and could be used as potential biomarkers for disease diag-
nosis. Recently, many studies have found that miRNAs have crucial regulatory roles 
in cancer stem cells (CSCs), a kind of tumor initiating cells (TICs) and dormancy. 
Findings also suggest that DNA methylation may be important in regulating the ex-
pression of many miRNAs in several cancer-initiating cells. Several miRNAs are 
known to be either upregulated or downregulated in CSCs when compared to non-
cancerous cells from the same tissues. CSCs are a small subpopulation of cells identi-
fied in a variety of tumors and involved in self-renewal, multilineage differentiation, 
chemoresistance, and tumorigenesis. Therefore, these fields have been highlighted 
as important advancements due to their potential to further elucidate diseases and 
therapeutic perspectives.
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miRNAs have the capacity to function as oncogenes or tumor suppressors. In ad-
dition, due to their small size and molecular properties, we can manipulate them as 
targets and therapeutics in several diseases, including cancer treatment. MicroRNA in 
Development and in the Progression of Cancer is divided in three parts. It provides 
a more complete understanding of miRNA function, summarizes the recent prog-
ress, provides insights by which miRNAs regulate normal development and diseases 
(including cancers) and the fate of stem cells. It also presents the prospect of the 
great potential of miRNAs in CSCs and therapeutic advances for cancer treatment.

We would like to thank Fiona Sarne, acquisitions editor, Cancer Research at 
Springer, for editorial guidance and assistance throughout preparation of the book 
for publication. We would also like to express our sincere appreciation and grati-
tude to the contributors for sharing their precious expertise with the microRNA and 
cancer research community. The editors and the authors hope that the collection of 
chapters in this work will provide a comprehensive overview of this important field.  

 Shree Ram Singh
 Pranela Rameshwar
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Chapter 1
miRNA Biogenesis and Function

Abigail F. Olena and James G. Patton

J. G. Patton () · A. F. Olena
Department of Biological Sciences, Vanderbilt University, Nashville, TN, USA
e-mail: james.g.patton@vanderbilt.edu

Abstract miRNAs are small noncoding RNAs that bind the 3′ untranslated regions 
(UTRs) of mRNA targets and, acting with associated proteins, facilitate translation 
repression and degradation of target mRNAs. Since their discovery in Caenorhabdi-
tis elegans, miRNAs and their accessory proteins have been shown to be conserved 
throughout phylogeny. miRNAs exert their regulatory functions in myriad biologi-
cal settings, from development and growth to disease. In exploring the mechanism 
of miRNA biogenesis and function, both canonical and noncanonical, it is possible 
to gain a broader understanding of how miRNAs work in different biological states, 
including cancer. Here, we provide an overview of miRNA discovery, biogenesis, 
and function.

Keywords MicroRNA · Biogenesis · Drosha · Dicer · RNA-induced silencing 
complex (RISC) · Argonautes

1 The Discovery of miRNAs

The first evidence that small RNAs play a regulatory role was published in 1993. 
Rosalind C. Lee and Rhonda L. Feinbaum, working in the laboratory of Victor 
Ambros, and Bruce Wightman and llho Ha, working in Gary Ruvkun’s laboratory, 
showed in concurrent publications that lin-4, known to be necessary for regulation 
of the heterochronic gene, lin-14, in Caenorhabditis elegans was not a protein cod-
ing gene, but a small RNA with complementarity to the lin-14 3′ UTR (untranslated 
region) [1, 2].

lin-14 is expressed in a temporal gradient and regulates the normal sequence of 
cell lineage during C. elegans development [3, 4]. Before the seminal work from 
the Ambros and Ruvkun laboratories, it was known that lin-4 mutants affect cell 
lineage decisions with reiteration of larval cell fates during later stages (as do lin-14 
gain of function mutants) and that lin-4 is a negative regulator of lin-14 [5, 6]. The 

S. R. Singh, P. Rameshwar (eds.), MicroRNA in Development  
and in the Progression of Cancer, DOI 10.1007/978-1-4899-8065-6_1,  
© Springer Science+Business Media New York 2014
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Ambros group cloned the lin-4 locus and created mutants to disrupt potential open 
reading frames (ORFs). However, even when the putative ORFs were disrupted, the 
constructs were still able to rescue lin-4 mutants. Coupled with the fact that lin-4 
sequences are conserved in other Caenorhabditis species, it was concluded that the 
lin-4 product does not function as a protein. The lin-4 product was then shown by 
northern blot and RNAase protection assays to encode two small RNAs of ~ 61 and 
~ 22 nucleotides (nt) in length. Finally, the Ambros group showed that sequences 
in the 3′ UTR of lin-14, known from previous work to be necessary for its negative 
temporal regulation [7], are complementary to sequences in lin-4 [1].

Ruvkun’s group showed that the 3′ UTR of lin-14 is sufficient to confer tem-
poral regulation to a lacZ reporter and that regulation of the reporter was not 
recapitulated in lin-4 mutants. They also identified nucleotides in the 3′ end of 
lin-4 complementary to seven sites in the lin-14 3′ UTR, which were found to be 
conserved in C. briggsae. Based on these findings, the group hypothesized that 
the seven binding sites in the lin-14 3′ UTR are bound cooperatively by lin-4 to 
control downregulation of lin-14 posttranscriptionally at precise developmental 
time points [2].

The discovery of lin-4 presented a fascinating new possibility for posttranscrip-
tional regulation of gene expression but because lin-4 is not conserved in higher eu-
karyotes, it was unclear whether such regulation was restricted to worms. In 2000, 
the Ruvkun group published evidence for the existence of another small RNA, let-7, 
which also plays a role in developmental timing by regulating the expression of 
several heterochronic genes, including lin-14 and lin-41 [8]. In contrast to lin-4, 
let-7 is conserved from arthropods to vertebrates and the developmental timing of 
let-7 expression is also conserved in Drosophila, zebrafish, and mollusks [9]. These 
RNAs were dubbed small temporal RNAs (stRNAs), based upon the expectation 
that discovery of other small RNAs would play a similar role in developmental tim-
ing [8–10]. Subsequent work has since revealed multiple small RNAs in mammali-
an genomes, as well as in the genomes of fish, flies, worms, and plants. These small 
RNAs do not always facilitate developmental timing events, so the name stRNAs 
gave way to the more general term microRNAs (miRNAs). It is now apparent that 
miRNAs function in multiple biological processes, from growth and maintenance 
to apoptosis [11–21].

2 Understanding miRNA Biogenesis

2.1 Canonical miRNA Biogenesis: Dicer

With the discovery that miRNAs are conserved in higher eukaryotes, work quickly 
began to understand how miRNAs are transcribed and processed. The discovery of 
RNA interference (RNAi) mediated by short, double-stranded RNAs (dsRNAs) by 
Fire et al. in 1998 provided unexpected insight into miRNA biogenesis [22]. Small 
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RNAs with regulatory functions were studied in plants [23], and the mechanism of 
mRNA degradation by small dsRNAs was further explored in other systems, name-
ly Drosophila, as well [24–27]. In work published in January 2001, Bernstein et al. 
identified an enzyme that they termed Dicer, an RNase III superfamily member 
containing a PAZ domain (later shown to be an RNA-binding domain), two RNase 
III domains, and an amino-terminal helicase domain [28]. They showed that Dicer 
is capable of producing 22-nt-long small interfering RNA (siRNA) fragments from 
long dsRNA (the initial step of RNAi) and that transfecting cells with long dsRNAs 
complementary to Dicer mRNA in S2 cells abrogates the ability to silence a number 
of genes. They suggested, therefore, that Dicer is the enzyme responsible for the 
cleavage of long dsRNAs into 22-nt-long “guide strands” necessary for RNAi.

Because the initial discoveries of miRNAs detected RNAs of ~ 70 and ~ 22 nt on 
northern blots [1, 8, 9], several groups hypothesized that the 70 nt form is a precur-
sor to the 22 nt RNA. The discovery of Dicer as the enzyme responsible for cleav-
age of long dsRNA into 22 nt siRNAs provided an excellent candidate for the en-
zyme that creates 22 nt mature miRNAs from the longer 70 nt precursors. Grishok 
et al. showed that dsRNAs targeting the C. elegans Dicer homolog dcr-1 caused a 
loss of the 22 nt RNAs and accumulation of the 70 nt forms for both lin-4 and let-7, 
suggesting that the 70 nt RNA is indeed a precursor to the 22 nt form and that Dicer 
is necessary for its processing [29]. Hutvágner et al. demonstrated in HeLa cells, 
Drosophila pupae, and Drosophila extracts that Dicer is necessary for let-7 matura-
tion from a precursor stem–loop structure into the 22 nt mature RNA [30]. Ketting 
et al. then showed in C. elegans dcr-1 mutants that let-7 22 nt RNA levels are re-
duced, while the 70 nt form of let-7 accumulates [31]. Recombinant human Dicer 
was later shown to generate both ~ 21–23 nt products from long dsRNA and mature 
let-7 from pre-let-7 transcripts [32]. All of this evidence taken together indicated 
that Dicer is the conserved RNase III family member responsible for generating 
the 22 nt mature miRNA duplexes from ~ 70 nt precursor miRNAs (pre-miRNA).

Insight into Dicer’s structure revealed how it generates mature miRNAs. Zhang 
et al. generated mutations in putative catalytic residues in human Dicer and con-
cluded that Dicer has a single dsRNA processing center containing two RNase III 
sites for cleavage of phosphodiester bonds on opposite RNA strands, thereby yield-
ing mature dsRNAs with 2 nt 3′ overhangs [33]. By solving the crystal structure 
of Giardia intestinalis Dicer, MacRae et al. showed that the dsRNA-binding PAZ 
domain of Dicer is ~ 65 Å from the processing center, which is the distance needed 
to accommodate ~ 25 base pairs (bp) of dsRNA, the length of Giardia small RNAs 
[34]. They therefore concluded that Dicer acts as a molecular ruler that measures 
a specified distance from the end of the dsRNA contained in the PAZ domain to 
position the RNase III domains for cleavage and generation of ~ 25 nt small RNAs. 
Their data suggested that the vertebrate Dicer processing site is positioned so as to 
allow cleavage of the precursor stem loop to generate mature miRNA duplexes of 
approximately 22 bp. This hypothesis was confirmed by V. Narry Kim’s laboratory 
using immunopurified human Dicer and radiolabeled synthetic pre-miRNAs [35]. 
Kim’s group further showed that the 5′ and 3′ ends of pre-miRNAs are anchored by 
the PAZ domain and regions surrounding it, and that Dicer measures ~ 22 nt from 
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the 5′ end in order to determine the cleavage site. Gu et al. later suggested that Dicer 
recognizes the ends of the miRNA as well as the loop, facilitating precise precursor 
cleavage and avoidance of off-target effects [36].

Dicer cleavage of pre-miRNAs has since been shown to require the action of 
cofactors. In two studies using human cell lines, the human immunodeficiency virus 
transactivating response dsRNA-binding protein (TRBP or TARBP2) was shown to 
associate with Dicer and to be required for miRNA biogenesis and posttranscrip-
tional gene silencing [37, 38]. Three groups independently showed that the protein 
Loquacious (Loqs), the Drosophila homolog of TRBP, is found in complex with 
Dicer-1 (the Drosophila Dicer that is responsible for pre-miRNA cleavage). Loqs 
deficiency in S2 cells leads to the accumulation of pre-miRNAs, while loss of Loqs 
in the germ line of male and female flies causes miRNA processing defects as well 
as sterility [39–41].

2.2 Canonical miRNA Biogenesis: Drosha

Early cloning and genomic studies provided additional insight into the genomic 
organization of miRNAs and thus their biogenesis (also reviewed in [42]). Lau et al. 
(in C. elegans), Lagos-Quintana et al. (in Drosophila and human cells), and Moure-
latos et al. (in human cells) showed that some miRNAs are found in clusters in the 
genome [11, 12, 43]. The Drosophila miR-3/miR-6 cluster, which contains miR-3, 
miR-4, miR-5, and three copies of miR-6, is not only encoded in close proximity in 
the genome, but expression of these miRNAs is also temporally coordinated [12]. 
In C. elegans, miRNAs in four clusters, including those encoded by the miR-35–
miR-41 cluster, are also expressed in a temporally coordinated fashion during em-
bryo and young adult stages [11]. This suggested that miRNAs might be transcribed 
as polycistronic primary transcripts. Genomic data also showed that miRNAs are 
sometimes found antisense to protein coding genes and in intergenic regions, which 
further indicated that they must (at least in some cases) be individual transcriptional 
units [11–13, 43].

In 2002, V. Narry Kim’s group used HeLa cell total RNA to perform reverse 
transcription polymerase chain reaction (RT-PCR) with primers outside the precur-
sor sequences for two miRNA clusters ( miR-23-27-24-2 and miR-17-18-19a-20-
19b-1) and one individual miRNA ( miR-30) and observed bands larger than the 
single precursors [44]. This evidence suggested that both clustered and individual 
miRNAs are transcribed as longer units containing multiple stem–loop second-
ary structures, which Kim’s group termed primary miRNAs (pri-miRNAs). Kim’s 
group developed an in vitro processing assay, which showed that pri-miRNAs up 
to several kilobases long are the forerunners of miRNAs and are processed in at 
least two sequential steps: first to create ~ 70 nt precursors, a step which they dem-
onstrated most likely happens in the nucleus, and then again in the cytoplasm by 
Dicer to create ~ 22 nt miRNAs. Just 1 year later, Kim’s group identified another 
RNase III family member that is responsible for nuclear cleavage of pri-miRNAs 
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and termed this as enzyme Drosha [45]. They showed that immunopurified Drosha 
cleaves pri-miRNA into pre-miRNA in vitro, resulting in hairpin dsRNAs with 2 nt 
overhangs at the 3′ ends, characteristic of RNase III enzymes. They also showed 
that RNAi against Drosha in HeLa cells abrogates pri-miRNA processing, resulting 
in increased detection of pri-miRNA transcripts and a corresponding decrease in 
pre-miRNAs and mature miRNAs.

Interestingly, similar to Dicer, Drosha requires a dsRNA-binding protein cofac-
tor. This factor, called DiGeorge syndrome critical region gene 8 (DGCR8) in hu-
mans and Pasha in Drosophila and C. elegans, was shown in human cells, S2 cells, 
and C. elegans to be in complex with Drosha. Depletion or mutation of DGCR8/
Pasha in vitro and in vivo leads to an accumulation of pri-miRNA transcripts and a 
loss of mature miRNAs. The Drosha–DGCR8/Pasha complex is called the Micro-
processor [46–49]. The processing of pri-miRNAs by the Microprocessor occurs 
cotranscriptionally [50–52].

In order to understand how the Microprocessor recognizes its substrate, Bryan 
Cullen’s group used a cell-free system to show that RNA hairpins with loops ≥ 10 nt 
and stems of ~ 30 bp are preferentially processed [53]. Cullen’s group demonstrated 
in vitro that the Microprocessor requires its pri-miRNA substrates to have a hairpin 
of at least 80 nt and flanking single-stranded RNA (ssRNA) regions at least 10 nt, 
though in cells, the requirement for the length of flanking ssRNA is at least 40 nt. 
They also showed that the Drosha dsRNA-binding domain (dsRBD) has a very low 
affinity for RNA [54]. To clearly ascertain the molecular basis for Microprocessor 
recognition of its pri-miRNA substrate, V. Narry Kim’s laboratory examined the 
predicted primary structures of known miRNAs to determine a generalized struc-
ture for pri-miRNAs: hairpins containing a loop, approximately three helical turns, 
and 5′ and 3′ ssRNA elements. They then used an in vitro processing assay to show 
that the pri-miRNA loop can be replaced by two ssRNA segments, implying that it 
is the instability of the loop and not the loop itself that is essential for processing. 
Kim’s group next confirmed that the ssRNA elements at both the 5′ and 3′ ends of 
the hairpin are essential, and showed that deletion of base pairs from the helix near-
est the ssRNA elements changed the site of cleavage. These data suggested that the 
ssRNA elements are used as a landmark in processing. Finally, they showed that it 
is DGCR8 that preferentially binds to pri-miRNAs to facilitate cleavage by Drosha 
within the Microprocessor [55].

2.3 Canonical miRNA Biogenesis: Nuclear Export

Since, miRNA processing had been demonstrated to have both nuclear and cytoplas-
mic localization, the question of how pre-miRNAs leave the nucleus was the next to 
be answered. Yi et al. showed using RNAi in 293T cells against the nucleocytoplas-
mic transport factor Exportin5 (Exp5), which is Ran-guanosine triphosphate (GTP) 
dependent, that pre-miRNA, and mature miRNA presence and function in the cyto-
plasm is decreased as compared to mock-transfected cells [56]. They also showed in 
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vitro that Exp5 binds the miR-30 precursor in the presence of Ran-GTP. Bohnsack 
et al. showed independently that pre-miRNA export is sensitive to deficits of Ran-
GTP in the nucleus and used affinity columns with bound pre-miRNAs to recover 
Exp5 [57]. Additionally, they demonstrated that they could block pre-miRNA ex-
port from Xenopus oocyte nuclei using antibodies raised against Xenopus Exp5. 
Lund et al. added to the weight of evidence for the role of Exp5 in pre-miRNA 
export by showing a decrease in cytoplasmic let-7a upon treatment of HeLa cells 
with siRNAs against Exp5 [58]. They also showed in HeLa cell extract that the 
binding of pre-miRNAs to Exp5 is highly specific and resistant to competition by 
small RNAs with similar secondary structures to pre-miRNAs. All these data taken 
together confirmed that Exp5 is the nucleocytoplasmic transport factor responsible 
for pre-miRNA export from the nucleus, and that its role in the process is Ran-GTP 
dependent.

2.4 Canonical miRNA Biogenesis: Transcription

With the knowledge of compartmentalized, stepwise processing of miRNAs in 
hand, the field next turned to the question of how miRNAs are transcribed. Both 
the Kim and Cullen laboratories used the efficient m7G cap-binding properties of 
eIF4E to isolate capped RNAs and analyzed the content of the resulting RNA pool 
using RT-PCR with pri-miRNA specific primers [59, 60]. Both groups showed that 
pri-miRNAs were present in capped RNA fractions. Each group followed a simi-
lar principle to show the presence of pri-miRNAs in a HeLa cell complementary 
DNA (cDNA) library generated using an oligo-dT primer [60] and in a group of 
RNAs enriched with oligo-dT beads [59]. These experiments provided strong evi-
dence that pri-miRNAs are polyadenylated. As 5′ capping and 3′ polyadenylation 
are hallmarks of RNA polymerase II transcription, the Kim laboratory used the 
Pol II-specific inhibitor α-amanatin on HeLa cells and compared the transcription 
levels of several pri-miRNAs to their transcription levels in untreated cells. In all of 
the pri-miRNAs they tested, a decrease in pri-miRNA transcription was observed 
upon α-amanatin treatment. The final piece of evidence that Pol II is responsible 
for pri-miRNA transcription came with the analysis of the promoter of the miR-
23a-27a-24-2 cluster, which was shown to be bound by Pol II in vivo [59]. Overall, 
miRNAs are transcribed as long primary transcripts that are then processed in two 
steps, one in the nucleus and the second in the cytoplasm (Fig. 1.1).

3 Noncanonical miRNA Biogenesis

The large majority of miRNAs follow the biogenesis pathways as described, but two 
noncanonical pathways have also been discovered, a Microprocessor-independent 
pathway and a Dicer-independent pathway. For an in-depth review of these topics, 
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see the excellent review by Jr-Shiuan Yang and Eric C. Lai [61]. For an overview of 
noncanonical miRNA biogenesis, see Fig. 1.2.

3.1 Microprocessor-Independent miRNA Biogenesis

Genomically, miRNAs have been found in exons, introns, between genes (inter-
genic), and as part of either mono- or polycistronic RNAs [62, 63]. In the special 
case of mirtrons, discovered by Okamura et al. and Ruby et al. in Drosophila and 
C. elegans, mature miRNAs are derived from short intronic hairpins with splice 
sites on each end so that the sequence of the pre-miRNA corresponds exactly to the 
sequence of the intron [64, 65]. Instead of being dependent upon Drosha processing, 
these short intronic hairpins are excised by the spliceosome. After processing by the 
lariat-debranching enzyme, they fold into hairpin secondary structures resembling 
pre-miRNAs that are recognized by Exp5 for nuclear export, thus rejoining the ca-
nonical miRNA biogenesis pathway.

Since their initial discovery, mirtrons have also been identified in mammals by 
computational prediction and by high-throughput sequencing in RNA from hu-
man and rhesus macaque brains [66], from DGCR8-null mouse embryonic stem 

Pol II

AAAAAAm7G

AAAAAAm7G Drosha

DGCR8
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Ran
GTP

TRBP
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TRBP

Dicer

to RISC
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Fig. 1.1  Canonical miRNA biogenesis. miRNAs are transcribed as primary transcripts by RNA 
polymerase II. Pri-miRNAs contain one or more stem loops, which are recognized and cleaved 
by Drosha and its cofactor DGCR8. The resulting pre-miRNA is exported from the nucleus by 
Exportin 5, a process dependent upon Ran-GTP. In the cytoplasm, the pre-miRNA is processed by 
Dicer and its cofactor TRBP, resulting in a mature miRNA duplex containing two 21–22-nt-long 
strands. This miRNA duplex is then incorporated into the RNA-induced silencing complex (RISC)
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cells [67], from Drosha-null murine T cells [68], and in the chick [69]. Chong 
et al. showed that the majority of Drosha-independent miRNAs are not canonical 
mirtrons and appear to come from long introns or independent transcriptional units, 
suggesting that splicing is not solely responsible for the generation of this class of 
Drosha-independent miRNAs [68]. Ruby et al., Babiarz et al., and Glazov et al., 
also found evidence for tailed mirtrons, in which one of the two ends of the putative 
pre-miRNA does not correspond to a splice site, confirming that another processing 
event must be necessary for pre-miRNA generation [65, 67, 69].

One such tailed mirtron, miR-1017, was discovered by Ruby et al. in C. elegans 
[65] and more closely examined by Flynt et al. in Drosophila [70]. High-throughput 
sequencing data from male Drosophila heads [71] contained approximately 6,000 
reads for miR-1017, but also 14 reads for miR-1017* (for an explanation of this no-
menclature, see Sect. 3.2), whose sequence aligns exactly with the 5′ splice donor 
sequence, consistent with splicing being involved in miR-1017/1017* biogenesis. 
In examining various Drosophila genomes, extensive variability was detected in 
the tail sequence (the sequence preceding the 3′ splice acceptor) of the miR-1017 
mirtron suggesting that the tail sequence is not important when generating a func-
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nucleus cytoplasm
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DGCR8

splicing, debranching, 
and trimming (if needed)

 to canonical 
miRNA pathway

Ago2
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Exp5

Ran
GTP
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Fig. 1.2  Noncanonical miRNA biogenesis. At the top of the figure, mirtron biogenesis is depicted. 
Mirtrons are transcribed as introns of protein coding genes by RNA Pol II. The spliceosome splices 
these mirtrons, then they are debranched and undergo exosomal trimming (if necessary). After 
these initial processing steps, mirtrons are treated as canonical miRNAs and transported to the 
cytoplasm by Exp5 to be processed by Dicer and TRBP and incorporated into the RISC. At the 
bottom of the figure, Dicer-independent miRNA biogenesis is depicted. miR-451, a Dicer-indepen-
dent miRNA, is transcribed by RNA Pol II, processed by Drosha/DGCR8, and exported from the 
nucleus by Exp5. Once in the cytoplasm, miR-451 is bound by Argonaute 2 (Ago 2) and is cleaved 
to yield the functional, mature, single-stranded miRNA
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tional miR-1017. Flynt and colleagues then used RNAi in S2 cells to show that the 
RNA exosome, a 3′ to 5′ exonuclease complex with multiple subunits, is respon-
sible for the removal of this mirtron’s tail. The group also found genomic evidence 
for five more 3′-tailed mirtrons and suggested that these are processed by the RNA 
exosome as well [70].

3.2 Dicer-Independent miRNA Biogenesis

The year 2010 brought the discovery of a Drosha-dependent, Dicer-independent 
miRNA, miR-451 [72–74]. Cleavage of the loop of pre-miRNAs by vertebrate 
Dicer generally yields mature miRNA duplexes with two paired RNA strands of 
~ 22 nt, corresponding to either side of the pre-miRNA stem. In the case of miR-451, 
the miRNA comes from a portion of the 5′ stem and the loop of the putative hairpin. 
miR-451 is conserved across phylogeny, and was specifically examined in mouse 
[72], zebrafish [73] and Drosophila [74]. These three groups showed independently 
that Argonaute 2 (Ago2), initially shown to be involved in miRNA function (for 
more on this, see Sect. 3.1), is responsible for cleaving the hairpin and releasing a 
version of miR-451, which must then be trimmed by an as yet unknown exonuclease 
to generate the functional, mature miRNA [72–74].

4 Regulation of miRNA Biogenesis

miRNA biogenesis has the potential for significant regulation, based on the multiple 
steps and players involved. Regulation at the transcriptional level is similar to other 
RNA polymerase II-transcribed genes. Using Pol II ChIP, some miRNA genes have 
been shown to have unique promoters, but the majority share general features with 
promoters of protein coding genes, modulated by elements that can be several ki-
lobases away [75]. By combining nucleosome mapping with chromatin signatures, 
Ozsolak et al. identified proximal promoters for 175 human miRNAs and confirmed 
the regulation of nine miRNAs by the microphthalmia-associated transcription fac-
tor (MITF) in melanoma cell lines [76]. They also showed that some intronic miR-
NAs, which were generally assumed to be transcribed with their host genes, have 
their own promoters. Based on bioinformatic and biochemical examination of miR-
NAs regulated by transcription factors, it was shown that a transcription factor that 
regulates an miRNA often regulates that miRNA’s targets as well [77].

Regulation of miRNA production at the level of posttranscriptional processing is 
also widespread. In one important example of a regulatory loop, the interaction of 
the splicing factor SF2/ASF with pri-miR-7 was shown to promote Drosha cleavage 
of the primary miRNA, which when fully processed targets the SF2/ASF 3′ UTR 
[78]. Lin28, a highly conserved RNA-binding protein implicated in oncogenesis, 
has been shown to block the maturation of let-7 at both the primary and precursor 
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levels [79–85] (reviewed in: [86]). Forman et al. demonstrated experimentally that 
let-7 targets Dicer within its coding sequence, with obvious implications for the 
regulation of miRNA biogenesis by miRNAs [87]. miRNA sequence editing by ad-
enosine deaminases that act on RNA (ADARs) can alter the base pairs of miRNAs 
at the primary and precursor levels, which can affect processing [88, 89]. Examples 
of the regulation of miRNA biogenesis are much more extensive than covered here 
and are reviewed in depth by Davis et al. and Krol et al. [90, 91].

5 Understanding miRNA Function

The discovery of the regulation of lin-14 by lin-4 coupled with the dependence of 
that regulation on elements in the 3′ UTR of lin-14 that are complementary to lin-4 
provided initial insight into the mechanism of miRNA function [1, 2]. What fol-
lows is an overview of the proteins that are involved in this mechanism, as well as 
information on how miRNA structure informs miRNA strand selection and mRNA 
target recognition, and how miRNAs and their associated proteins affect posttran-
scriptional gene silencing. For an overview, see Fig. 1.3.

5.1 Assembly of the RNA-Induced Silencing Complex

The discovery of proteins that allow miRNAs to alter target gene expression was 
buoyed by work from the siRNA field. Studies using cultured mammalian and Dro-
sophila cells and cell/embryo lysates showed that one strand of the siRNA duplex 
is the effector in RNAi and that it cooperates with a (then unknown) nuclease(s), 
which cleaves mRNAs at sites complementary to the siRNA. The complex in 
which the siRNA and nuclease act was termed the RNA-induced silencing complex 
(RISC) [24, 27, 92–94]. By purifying RISC from Drosophila cells, Hammond et al. 
showed that one of the components of the RISC that copurifies with siRNA is Ago2, 
a member of the Argonaute family [95].

Argonaute family members have a PIWI and PAZ (Piwi/Argonaute/Zwille) do-
main [96], whose functions were elucidated with structural studies. Three groups 
solved the structures of the Drosophila Ago1 and Ago2 PAZ domains and demon-
strated that the PAZ domains interact with the 3′ overhangs of dsRNA and prefer 
to interact with RNA rather than DNA. The structural data also suggested that the 
human Ago and Dicer PAZ domains are structurally similar and form a cleft for 
binding RNA [97–99]. When structures of the PAZ domain bound to RNA and DNA 
were solved, it was shown that PAZ binding stabilizes dsRNA duplexes by secur-
ing the 2 nt 3′ overhangs in a conserved binding cleft and by binding the phospho-
diester backbone of the overhang-containing strand. Also, the data indicated that 
the PAZ domain contributes to specific recognition of dsRNA duplexes within the 
RISC [100, 101]. The first structure of full-length Ago2 (from Pyrococcus furiosus) 
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indicated that Ago2 is composed of four domains, previously unknown N-terminal 
(N) and MIDdle (MID) domains, as well as the PIWI and PAZ domains[102]. The 
structure showed that the N, PIWI, and MID domains form a crescent over which 
the PAZ domain is held by a stalk-like region. Most importantly, the PIWI do-
main structure is similar to RNAse H and is therefore responsible for the cleavage 
of mRNAs complementary to siRNAs, the catalytic component of RISC. Further 
analysis of the four mammalian Argonautes (Ago1–4) demonstrated that only Ago2 
is able to cleave mRNA substrates [103].

While the structural work was done using siRNA–Ago pairs, miRNAs were also 
found to assemble in complexes containing Ago2 along with a helicase, Gemin3, 
and Gemin4 [43]. Though these complexes are highly similar to the RISC, they 
were initially termed microribonucleoproteins (miRNPs). In human cell extracts, 
let-7 was detected in RISCs but imperfect miRNA:mRNA pairing leads to transla-
tion repression rather than mRNA cleavage [104]. siRNAs that do not pair perfectly 
with mRNA targets were also shown to translationally repress their targets, as op-
posed to cleaving them [105–107]. To assess whether Ago facilitates translation 
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Fig. 1.3  miRNA function. Dicer, TRBP, and Argonaute form the RISC loading complex (RLC), 
which facilitates assembly of the RISC and incorporation of the mature miRNA duplex. Once 
incorporated into the RISC, the nonfunctional strand of the miRNA duplex is degraded and the 
functional strand is guided to its target, generally in the 3′ UTR of a messenger RNA. If the miRNA 
pairs perfectly with its target (pictured top right), the miRNA–mRNA duplex is cleaved by Ago2 
between nucleotides 10 and 11 of the miRNA strand, which leads to the target’s rapid degradation. 
If the miRNA pairs imperfectly with its target (depicted bottom right), the interaction can lead to 
translation repression, potentially occurring at the initiation step by interference with the mRNA 
cap, but still poorly understood, and to deadenylation; both outcomes may lead to eventual target 
degradation
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repression, the human protein was tethered to mRNAs in HeLa cells in the absence 
of miRNAs. Tethering human Ago1–4 to mRNAs mimics their miRNA-mediated 
repression [108]. Two groups published compelling data that TRBP recruits Dicer 
to Ago, thus coupling miRNA biogenesis with RISC function [37, 109, 110]. More 
recently, the association of Dicer, TRBP and Ago was named the RISC-loading 
complex (RLC), and shown to assemble spontaneously in vitro. Ago dissociates 
from Dicer and TRBP once it is loaded with a miRNA [111]. All this evidence con-
firms that siRNAs and miRNAs enter the same complex, the RISC, of which Ago 
proteins serve as the main effectors.

In addition to Ago proteins, GW182, an RNA-recognition motif-containing pro-
tein, has been shown to be a component of RISC and to be important for miRNA 
function. GW182, named for its multiple glycine (G)–tryptophan (W) repeats, was 
initially shown in cell culture to co-localize with exogenous Ago2 protein in distinct 
cytoplasmic foci, called processing or P-bodies [112]. Further work demonstrated 
that transfected siRNAs and endogenous Ago proteins also co-localize with GW182 
in P-bodies, and that when P-bodies are disrupted, siRNA regulation of targets is 
abrogated [113]. Rehwinkel et al. used S2 cells transfected with dsRNA to show 
that GW182 is necessary for miRNA-mediated target regulation [114]. Liu et al. 
showed that Argonaute proteins physically interact with GW182 and that silencing 
GW182 perturbs miRNA function [115]. Consistent with this, Ding et al. showed 
that a C. elegans protein-sharing homology with GW182 is responsible for targeting 
the worm Ago homolog to P-bodies [116]. The GW182–Ago interaction has since 
then been established to be crucial for miRNA target repression [117]. It is likely 
that Ago proteins interact in the RISC with other partners. Indeed, in a proteomics 
screen, an RNA helicase, MOV10, and another RNA-recognition motif-containing 
protein, TNCR6B, were found to interact with Ago proteins [118].

5.2 Selection of the Functional miRNA Strand

Martinez et al. showed that only one of the two strands of the siRNA duplex is re-
tained in the RISC and works with the RISC components to effect sequence-specific 
silencing [119]. This raised the question as to how one strand is chosen over the 
other. Direct cloning of miRNAs readily detected the presence of mature miRNA 
strands but in some cases, the other strand (denoted miRNA*) was also detected 
albeit at low levels [20]. The presence of the star strand was a good first indication 
that there is a preference for choosing which side of the pre-miRNA is incorporated 
into RISC. By designing a wide variety of synthetic siRNA duplexes, Schwarz et al. 
showed that for the majority of cases, the strand with the less stably paired 5′ end 
is the one incorporated into the RISC [120]. To extend this paradigm to miRNAs, 
putative precursors of known miRNAs were analyzed to determine whether predic-
tions based on 5′ stability agree with strand selection in vivo. The data are consistent 
with the model that the strand with lower internal thermodynamic stability at the 5′ 
terminus is generally the functional strand [121].
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5.3 Canonical miRNA Target Recognition

The majority of early work on miRNA–target interactions showed that miRNAs do 
not bind perfectly with their targets [1, 2, 8, 122]. Furthermore, miRNAs can bind 
combinatorially, so more than one miRNA usually regulates a target, and miRNAs 
may target several mRNAs [123]. In order to facilitate target prediction, several 
groups undertook to find guidelines for miRNA–target pairing. Lewis et al. found 
pairing between nucleotides 2–8 (from the 5′ end) of the miRNA and the mRNA 3′ 
UTR to be the most reliable predictor of a verifiable miRNA–mRNA interaction, 
and referred to this region as the “seed” of the miRNA, calling a Watson–Crick 
base-paired interaction between the miRNA seed and an mRNA a “seed match” 
[124]. The seed rule was extended by analyzing miRNA seed sequences and finding 
an overrepresentation of adenosines on either side of seed sequences [125].

Using reporter assays, Doench et al. confirmed that miRNAs cooperatively bind 
to targets and that the 5′ region of the miRNA is extremely important for miRNA–
target pairing [126]. They also showed that miRNA 3′ end pairing with the 3′ UTR of 
the mRNA is only important if the interaction at the 5′ end is less stable. Kiriakidou 
et al. used mutagenesis of luciferase reporter constructs containing single MREs to 
show the requirement for a bulge in the center of miRNAs bound to targets (whose 
maximum length is context dependent) [127]. Brennecke et al. then showed in vivo 
that a single 8mer at the 5′ end of the miRNA pairing perfectly with the mRNA 3′ 
UTR is able to confer target repression, with a 7mer conferring slightly less repres-
sion [128]. When two 8- or 7mers were present, target regulation increased. They 
also distinguished between canonical miRNA recognition sites (MREs), which have 
strong base pairing at both the 5′ and 3′ ends of the miRNA; seed sites, which have 
strong base pairing at the 5′ end with minimal 3′ end pairing, and 3′; and compensa-
tory sites, which have mismatches or G:U wobbles in the seed but strong base pair-
ing at the 3′ end. They also found that the 3′ end of the miRNA is responsible for 
differences in mRNA target recognition by members of miRNA family members, 
which share identical seed sequences, but with differences at their 3′ ends.

To further refine target prediction, the Bartel group concluded that miRNA re-
pression could be context dependent with several factors increasing the likelihood 
of target regulation [129]. MREs are positioned near AU-rich sequences or close 
to MREs for other miRNAs increase the efficiency of miRNA–mRNA pairing. In 
addition, positioning within the 3′ UTR can also affect pairing: Stronger sites are 
usually noncentrally located MREs in long UTRs and/or those located at least 15 nt 
from the end of the coding sequence. They also corroborated other data that showed 
a role for the 3′ end of the miRNA, narrowing it down to pairing between nt 13 
and 16. Cooperation between MREs was also experimentally demonstrated in other 
systems [130]. In addition to confirming that MREs are found close to the begin-
ning or end of long human 3′ UTRs, Gaidatzis et al. observed that MRE location is 
evolutionarily conserved within 3′ UTRs [131]. They suggested that this conserva-
tion of location could provide greater MRE accessibility for RISC and therefore 
have implications for miRNA function. Nielsen et al. further refined the importance 
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of the context of the MRE within the UTR by showing that an adenosine is gener-
ally opposite miRNA nt 1 in the 3′ UTR and an adenosine or uridine is generally 
opposite miRNA nt 9 [132]. Moreover, they showed that increased sequence con-
servation approximately 50 nt up and downstream of the seed match in the 3′ UTR 
increases target repression.

6 Noncanonical miRNA Target Recognition

Perhaps not surprisingly, as previous work showed the ability of noncanonical 
MREs to regulate targets [128], several examples of functional noncanonical MREs 
have emerged. Li et al. demonstrated that dispatched homolog 2 is regulated by 
miR-214 during zebrafish development through the action of three noncanonical 
MREs in its 3′ UTR that act combinatorially to confer repression [133]. The Bartel 
group identified a new class of miRNA–target binding, in which the binding inter-
action does not feature strong seed pairing, but instead features at least 11 contigu-
ous Watson–Crick base pairs starting at nt 4 of the miRNA [134]. In vitro under 
certain buffer conditions, these sites can lead to mRNA cleavage, but in vivo they 
mostly work to repress translation. In the same work, more miRNAs were identified 
that facilitate target cleavage (as siRNAs do) than was originally thought, though 
the number of miRNAs acting in this fashion is still low compared to how the vast 
majority of miRNAs function. Chi et al. used data from RNA libraries to show that 
miR-124, a common neuronal miRNA, binds its targets with a G-bulge in the 3′ 
UTR, between nt 5 and 6 of the miRNA [135]. They further showed that nucleation 
bulges are evolutionarily conserved, functional in the murine brain, and present in 
C. elegans as well as in mice. Finally, Loeb et al. used a whole transcriptome ap-
proach to identify all the targets of miR-155 in murine T cells [136]. They found 
that 40 % of miRNA–target interactions are noncanonical, with the majority of these 
interactions having one mismatch in the seed region. Interestingly, miR-155 is still 
able to regulate gene expression using a noncanonical site. The discovery of nonca-
nonical sites is necessary for facilitating understanding of miRNA function. Perhaps 
more importantly, the discovery of noncanonical sites highlights the difficulty in 
predicting miRNA targets and the necessity for experimental validation of predicted 
targets. See Fig. 1.4 for a summary of the ways miRNAs recognize their targets.

7 Mechanisms of miRNA-Mediated Gene Silencing

While direct miRNA-mediated cleavage of mRNA targets is rare in vertebrates 
[137], examples abound of miRNA regulation of gene expression through both trans-
lation repression and mRNA deadenylation leads to degradation. Early evidence 
suggested that the levels of mRNA targets are unaffected by miRNA repression 
[138], consistent with translation repression models. Initial work used polysome 
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profiling in C. elegans to show that mRNAs and miRNAs are often associated with 
active ribosomes [138, 139]. This work was corroborated in human cell lines and 
suggested that translation repression can occur after initiation [140–142].

Canonical miRNA-Target Pairing

lef1 3’UTR 5’-UUCAUACUGCAAAACAUUUCAG - 3‘
              :   |  | | ||||||||||
   miR-203 3’-GUUCACCAGGAUUUGUAAAGUG - 5’

lef1 3’UTR 5’-UGCGUGGAC--AGCACAUUUCAG-3‘
              :: |||| |  |: ||||||||
   miR-203 3’-GUUCACCAGGAUU-UGUAAAGUG-5’

Combination of Weak Sites

disp2 3’UTR 5’-CUUGUUGAACAAUUGUGCCUGUUCU-3‘
               ||  :||     :||||||||:| |
    miR-214 3’-GACGGAC--A--GACACGGACGACA-5’

disp2 3’UTR 5’-UUGCUACUGUGGCUAUAACUGUUCU-3‘
               :|||  ||||  || |  |||:| |
    miR-214 3’-GACG--GACA--GACACGGACGACA-5’

disp2 3’UTR 5’-CAU-UCUAUCUAUCGCAUGUUGU-3‘
               | | :|| ||| | || ||||||
    miR-214 3’-G-ACGGACAGACA-CGGACGACA-5’

Functional Sites with Centered Pairing

ZNF586 3’UTR 5’-UGCUAGCUUCUUUACAUAAAA-3’
                |:|  :|||||||||||   |
       miR-1 3’-AUGUAUGAAGAAAUGUAAGGU-5’ 

Hif1a 3’UTR 5’-CCUUUCUACUUAAUUUUCAUUAA-3’
                |:::   | :||||  ||||||
    miR-155 3’-UGGGGAUAGUGUUAAUCGUAAUU-5’

Seed Mismatch Sites

Fig. 1.4  Examples of miRNA target recognition. The pairing of miR-203 and its target during 
zebrafish fin regeneration, lef1, is shown at top. Straight lines represent Watson–Crick base pairs, 
while colons represent G:U wobble pairing. The 3′UTR of lef1 contains two miRNA target sites, 
both of which are good examples of canonical miRNA–target pairing, with perfect matches in the 
seed region (nt 2–8 of the miRNA, boxed in red, adapted from [174]). Second from top, the disp2 
3′ UTR contains three miR-214 target sites, all of which would be considered weak based on lack 
of perfect pairing in the seed region (boxed in red), but the three weak sites have been shown to act 
collaboratively to facilitate miR-214 regulation of disp2 [133]. Second from bottom is an example 
of centered pairing between miR-1 and its target ZNF586 [134]. At bottom, one example of a 
miR-155 target (Hif1a) with mismatches in the seed region (boxed in red); Hif1a also contains a 
canonical pairing site for miR-155 (not pictured) [136]
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Evidence also emerged suggesting that miRNAs can regulate their targets at the 
level of translation initiation. The Filipowicz laboratory showed in HeLa cells that 
a 5′ 7meG cap is required for miRNA-mediated mRNA repression, and that artifi-
cially tethering the translation initiation factor eIF-4E to an uncapped mRNA allows 
repression by endogenous let-7 [143]. Further studies in HeLa cells confirmed that 
the 7meG cap and the 3′ poly(A) tail are necessary, but not sufficient, for miRNA-
mediated translation repression [144]. Work from the Izarraulde laboratory showed 
involvement of the decapping enzymes DCP1 and DCP2 in miRNA-mediated target 
repression [114]. Several groups used in vitro systems from Drosophila and human 
cells to confirm that translation repression can be facilitated by interference with 
cap-binding proteins at the translation initiation step [145–148]. Recent evidence 
from zebrafish showed that miR-430 initially represses its targets in the developing 
embryo at the level of translation, likely by reducing the rate of initiation [149].

The mechanism by which repression might occur at the translation initiation 
step is still unclear. However, it was originally suggested that Ago2’s MID domain 
is significantly similar to the cap-binding domain of eIF-4E [150], but this domain 
has since been shown to bind GW182, as opposed to the cap [117–151]. The data 
are somewhat confounding, though, as recently purified MID domains from several 
species have been shown to possess the ability to bind mimics of the 7meG cap in 
vitro [152]. Another potential mechanistic explanation could be the involvement 
of eIF-6, a protein known to inhibit formation of the 80S ribosome. Chendrimada 
et al. showed that eIF-6 is associated with human RISCs and that it plays a role in 
miRNA-mediated target repression in both human cells and C. elegans [153]. Other 
evidence points to the involvement of the poly(A)-binding protein (PAB) [154], but 
the mode of miRNA repression of translation is still vague. A more in-depth discus-
sion of these issues can be found in a review from Shuo Gu and Mark Kay [155].

While some miRNAs repress targets during translation, evidence has also 
emerged that miRNAs can, in other cases, cause destabilization and degradation 
of targeted mRNAs [156, 157]. The most common mechanism of mRNA destabi-
lization seems to begin via deadenylation. In zebrafish, miR-430 promotes rapid 
deadenylation and clearance of maternal mRNAs during the transition from mater-
nal to zygotic transcription [158]. Consistent with this, miRNA-mediated mRNA 
degradation requires the CCR4:NOT deadenylase [159–162]. In mammalian cells, 
miRNAs are able to direct rapid deadenylation of targets [163], and in cell-free sys-
tems miRNAs can deadenylate mRNAs [148]. In Drosophila cells, 60 % of targets 
of Ago are regulated by CAF1 or NOT1 deadenylases, indicating that deadenylation 
of miRNA targets is widespread [164].

It seems likely that the use of these two modes of target repression is context 
dependent, and in some cases, both mechanisms are used in concert. Recent data 
support the idea that deadenylation and translational repression may not be mutu-
ally exclusive [165, 166]. In zebrafish, for example, miR-430 first translationally 
represses and then destabilizes target mRNAs [149]. A deeper discussion of these 
possibilities and a more thorough look at the evidence for all modes of miRNA-
mediated target repression can be found in excellent reviews from Fabian et al. and 
Huntzinger et al. [167, 168].
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8 Regulation of miRNA Function

Just as miRNA biogenesis is highly regulated, so too is miRNA function. The obvi-
ous place to begin with regulation of function is with the proteins involved in as-
sembly and function of the RISC. Proteomic analysis of Ago-associated proteins in 
human cells demonstrated that many proteins associate with Ago proteins, raising 
the possibility for regulation at the level of RISC assembly and function [169]. Reg-
ulation of the Ago proteins themselves also presents opportunities for regulation. 
For instance, Adams et al. showed that Ago2 expression is responsive to the epi-
dermal growth factor receptor (EGFR)/mitogen-activated protein kinase (MAPK) 
signaling pathway in cell culture, indicating one possible regulatory mechanism 
for Ago2 expression [170]. miRNA function can also be affected at the level of the 
miRNA sequence. RNA editing via adenosine deaminases acting on RNA (ADARs) 
not only can affect processing, as discussed in Sect. 2.3, but can also affect miRNA 
target recognition. For example, Kawahara et al. showed in mice null for ADARs 
that miR-376, which has a highly editable site in its seed region, targets a different 
set of genes than in mice that have ADARs and presumably edited miR-376 [171]. 
Furthermore, even though no prominent examples of RNA editing affecting strand 
selection exist in the literature, one could imagine that editing may affect stability 
at the 5′ ends of miRNAs and miRNA*s, which could impact which strand is in-
corporated into the RISC with subsequent downstream effects on mRNA targeting. 
A more comprehensive discussion of miRNA function regulation can be found in 
reviews by Davis et al. and Krol et al. [90, 91].

9 Conclusions

Following their discovery in C. elegans, miRNAs have come to assume prominent 
roles in the regulation of gene expression in many biological contexts. Their unique 
discovery as functional, nonprotein coding RNAs has spurred research into other 
classes of noncoding RNAs that are likely to have equally diverse and widespread 
functions [172, 173]. Research is ongoing in the areas of miRNA biogenesis and 
function, especially how these processes are regulated. As new work emerges, it is 
obvious there is much to learn. Moving forward, it is important to recognize that the 
rapid progress that has been made needs to be tempered by the recognition that what 
seems like dogma based on initial studies might turn out to be much more complex 
as the complete story becomes known. Nevertheless, it seems clear that a complete 
understanding of miRNA biogenesis and function will provide further insight into 
the role of miRNAs during development and disease.
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Abstract Tumor initiation and progression have been widely investigated and 
ongoing work implicates microRNAs (miRNAs) as central players. miRNAs can 
control proliferation and differentiation as well as apoptosis, consistent with miR-
NAs functioning as oncogenes or tumor suppressors. Specific miRNAs have been 
shown to play roles in the overlapping fields of cancer stem cells and chemoresis-
tance. In this review, we summarize existing data to elucidate the role of miRNAs 
in tumorigenesis and potential strategies using miRNAs for cancer therapy or as 
biomarkers.

Keywords MicroRNA · Cancer · Anchorage independence · Angiogenesis · 
Antagomir · Biomarker · Chemotherapy · epithelial-to-mesenchymal transition 
(EMT) · Lymphoma · Metastasis · Oncogenes · Tumor suppressors

1 Cancer Overview

Cancer consists of numerous diseases characterized by misregulated and/or altered 
cell division. Most commonly, changes in cell cycle control arise from accumulated 
mutations leading to chromosomal instability, proliferation, and aggressive meta-
static behavior. While some cancers harbor hereditary mutations such as colorectal 
cancers (Lynch syndrome with mutations in mismatch repair complex proteins) or 
breast cancers (mutation in BRCA1 and BRCA2 genes), the majority are not he-
reditary and instead arise from random somatic mutations (http://www.cancer.gov/
cancertopics/understandingcancer/genetesting/page27). These mutations typically 
activate downstream pathways and share specific hallmarks as identified by Hana-
han and Weinberg [1]. These hallmarks are defined as acquired functional capabili-
ties that allow cancer cells to survive, proliferate, and disseminate. These shared 
characteristics include self-sufficiency in growth signals, insensitivity to antigrowth 
signals, the ability to evade apoptosis, limitless replicative potential, sustained an-
giogenesis, tissue invasion, and metastasis. Broadly, there are two defining features 
of cancers: upregulation of oncogenes and downregulation of tumor suppressor 
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genes. However, ongoing research has revealed that induction of stromal changes 
and evasion of host defense mechanisms are critical for tumor progression. Tumor 
cells aggressively outcompete their neighbors, activate angiogenesis, detach from 
their primary location, intravasate into the bloodstream, survive immune clearance, 
extravasate out of blood vessels, and metastasize to distant sites (Fig. 2.1). Cur-
rently, additional hallmarks have emerged including reprogramming of energy me-
tabolism and the concept of the tumor microenvironment [2].

Due to the multiple genetic events that occur in succession and accumulate over 
time, development of cancer typically manifests itself in older adults. According 
to the World Health Organization, cancer accounted for 7.6 million deaths in 2008 
and 70 % of all cancer deaths occurred in low-income and middle-income countries 
(http://www.who.int/mediacentre/factsheets/fs297/en/index.html). Worldwide stud-
ies have attributed 30 % of cancer deaths to five behavioral and dietary risks including 
high body mass index, low fruit and vegetable intake, lack of physical activity, tobac-
co use, and alcohol use (http://www.who.int/mediacentre/factsheets/fs297/en/index.
html). According to the National Cancer Institute, it is estimated that 1,638,910 men 
and women will be diagnosed with cancer in 2012 in the USA (American Cancer So-
ciety: Cancer Facts and Figures 2012). The median age at death from cancers of all 
types was 72 years old from 2005 to 2009 (American Cancer Society: Cancer Facts 
and Figures 2012) with most fatalities due to secondary metastases [3]. However, 

Fig. 2.1  Cancer progression. During the benign stage, cells acquire multiple mutations and form 
the primary tumor. With increasing tumor growth, angiogenesis is initiated and cells locally invade 
during the malignant phase. Aggressive metastasis results when tumor cells undergo epithelial-to-
mesenchymal transition (EMT), enter blood vessels, and colonize secondary sites through cross 
talk in a tumor-permissive microenvironment
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cancer is an equal opportunity disease, also affecting young children. While the ma-
jority of tumors seen in adults arise from epithelial cells, that is, solid tumors, chil-
dren more commonly develop lymphomas and leukemias. Diagnosis is dependent 
on the tissue of origin, analysis of cell morphology, and the extent of tumor spread, 
broadly known as staging (http://www.cancer.gov/cancertopics/factsheet/detection/
staging). Therapies are dependent on staging but for a more personalized treatment, 
tumors can be screened and targeted via detection of specific mutations associated 
with particular tumors. For example, lung cancers with gene amplification or tyro-
sine kinase mutations, the epidermal growth factor receptor (EGFR) can be treated 
with erlotinib, a selective inhibitor that blocks kinase activity [4]. While cancer sur-
vival has improved due to radiation administration, chemotherapy, and/or specific 
inhibitors, many cancers unfortunately become drug resistant, leading to recurrence.

A plausible explanation for the adverse response to chemotherapy is the heteroge-
neity of cancer cells and the adaptability of specific stem cell-like populations within 
the primary tumor [5]. Growing research on the underlying mechanism of chemo-
therapeutic resistance has led to a popular model hypothesizing the existence of can-
cer stem cells (CSCs) [6, 7]. These rare cells are hypothesized to behave similar to 
stem cells and are capable of self-renewal, asymmetric cell division, and multipotent 
differentiation. However, the origin of CSCs remains elusive and it has been postu-
lated that CSCs arise from transforming mutations occurring in either multipotent 
stem cells, tissue-specific stem cells, progenitor cells, mature cells, or cancer cells 
[7]. Recent evidence indicates that some CSCs are distinct from stem cells and arise 
from progenitor cells as evidenced by induction of neurofibroma formation by dif-
ferentiated glial progeny [8]. Since CSCs are rare with yet uncharacterized molecu-
lar signatures, further investigation is necessary to understand their role. If cancer 
initiation involves CSCs exhibiting stem cell-like behavior, then regulators of stem 
cells and associated pathways may be linked to cancer development including sonic 
hedgehog signaling in basal cell carcinoma and glioma, Notch signaling in T-cell 
acute lymphoblastic leukemia/lymphoma, epidermal growth factor (EGF) pathways 
in human squamous cell lung cancer, and the canonical Wnt pathway in colorectal 
cancer [9–12]. These same pathways control embryonic development, so it is con-
ceivable that tumor cells reprogram normal cells to turn on genes required during 
the early proliferative phases of embryonic growth. In this way, tumor cells take 
advantage of genetic pathways required for normal development but perturb the bal-
ance between normal and aberrant signaling. Recently, stem cell regulators and stem 
cells themselves have been shown to be posttranscriptionally regulated by noncoding 
RNA molecules during normal animal development [13]. The focus of this chapter is 
on microRNAs (miRNAs) and their role in tumor progression and prevention.

2 miRNAs

Found in all metazoans, miRNAs are small RNA molecules that negatively regu-
late gene expression at the posttranscriptional level [14–16]. After processing of 
primary and precursor transcripts by the RNAse III enzymes Drosha and Dicer, 
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respectively, mature miRNAs interact with Argonaute proteins and other compo-
nents of the RNA-induced silencing complex (RISC) in the cytoplasm. The RISC 
facilitates binding of miRNAs to their messenger RNA (mRNA) targets. MiRNA–
mRNA binding occurs through imperfect base pairing with the 3′untranslated region 
(3′UTR) of mRNA, leading to translational repression and/or mRNA degradation. 
Computational predictions suggest that about one-third of all protein-coding genes 
are regulated by miRNAs in humans [17]. Initially discovered as regulators of ani-
mal development, miRNAs have been shown to control multiple steps in tumorigen-
esis, including proliferation and differentiation [18, 19]. The following sections will 
elucidate the lessons learned so far about miRNAs that behave as protumorigenic 
and antitumorigenic contributors to cancer.

3 miRNAs as Oncogenes

The first report of an oncogenic miRNA (Table 2.1) showed that the miR-17–92 
polycistron cluster is highly expressed in human B cell lymphomas [20]. The miR-
17–92 cluster is located within a genomic locus on the chromosome 13q31 that was 
previously established as a frequently amplified region in cases of diffuse large B 
cell lymphoma, follicular lymphoma, mantle cell lymphoma, primary cutaneous 
B cell lymphoma, and other cancer types [21]. The cluster encodes miR-17–5p, 
17–3p, 18, 19a, 20, 19b-1, and 92–1. One of the defining characteristics of an on-
cogene is chromosomal amplification and as a proof of principle, serial transplant 
assays are typically used to examine the tumor-forming potential of a gene of inter-
est. Using a mouse model of human B cell lymphoma, where the c-Myc oncogene 
is overexpressed by the immunoglobulin heavy chain enhancer (Eμ). He and col-
leagues [20] demonstrated that the miR-17–19b cluster accelerated tumorigenesis . 
Transplantation of reconstituted hematopoietic stem cells (derived from Eμ–Myc 
mice) with miR-17–19b expression into irradiated recipient mice led to lymphoma 
development, invasion of tumor cells into other organs, and decreased survival. 

Table 2.1  Oncogenic miRNAs
Oncogenic 
miRNAs

Gene loci Validated 
mRNA targets

Cancer Cellular processes

miR-17–92 
cluster

Chromosome 
13q31–32

p21, Bim, 
Pten, CTGF, 
and Tsp142

B Cell lymphomas, lung 
cancer

Proliferation, 
apoptosis, 
angiogenesis

miR-155 Chromosome 
21q21

TP53INP1 Burkitt, Hodgkin’s, primary 
mediastinal and diffuse 
large-B cell lymphoma, 
breast cancer

Cell cycle, 
proliferation, 
apoptosis

miR-372/373 Chromosome 19 LATS2 Testicular cancer Proliferation
miR-221/222 Chromosome X p27 Kip1 Glioblastoma multiforme, 

prostate cancer, thyroid 
cancer, HCC

Proliferation
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Tumors continued to form after two rounds of serial transplantation, and analysis of 
the tumor cell population for markers of pre-B and mature B cells (CD19 and im-
munoglobulin M (IgM), respectively) suggested that overexpression of the cluster 
favored transformation of B cell progenitors [20]. Another study implicating the 
miR-17–92 cluster in lung tumorigenesis used northern blotting and detected in-
creased miR-17–92 expression, increased copy number, and functionally enhanced 
lung cancer cell growth through cell proliferation assays [22]. Thus, the miR-17–92 
cluster can accurately be classified as oncogenic.

Further investigation of oncogenic miRNAs, or “oncomiRs” as they are desig-
nated, led to the detection of elevated miR-155 expression in lymphomas derived 
from B cells of different developmental stages [23]. Expression of miR-155 (found 
on chromosome 21q21) was derived from sequences present in the bic RNA, which 
was previously discovered as a target for insertional mutagenesis in avian B cell 
lymphomas [24]. bic cooperates with c-Myc in enhancing the growth and trans-
formation potential of cultured chicken embryo fibroblasts. In pancreatic ductal 
adenocarcinoma, miR-155 expression is upregulated and functional assays iden-
tified tumor protein 53-induced nuclear protein 1 (TP53INP1) as its target [25]. 
Decreased TP53INP1 occurred through translational inhibition, providing a link 
between miR-155 and a regulator of cell cycle progression and apoptosis. Further 
evidence for the oncogenic nature of miR-155 was observed in breast cancer [26]. 
Overexpression of miR-155 triggered constitutive activation of growth pathways 
including the signal transducers and activators of transcription 3 (STAT3) and Janus 
kinase (JAK) pathways, and its effects were mediated through targeting the tumor 
suppressor gene, Socs1 [26]. These experiments provided support for the contri-
bution of miRNAs in tumorigenesis by downregulation of genes controlling cell 
growth and division, a mandatory prerequisite for primary tumor formation.

While initial findings of pro-tumorigenic miRNAs were mostly derived from 
DNA copy number analyses, few have been identified through targeted approaches, 
i.e., genetic screens. Voorhoeve and colleagues (2006) designed a library of vectors 
expressing the majority of cloned human miRNAs and used microarrays to examine 
expression [27]. With an oncogenic stress model in which human fibroblasts express 
a constitutively active Ras, they discovered that vectors encoding miR-372 and miR-
373 conferred a selective growth advantage to cells that would otherwise undergo 
a stress response, known as oncogene-induced senescence. Their results indicated 
that these miRNAs act in cooperation with Ras to promote tumorigenesis and also 
provided evidence implicating both miRNAs in tumors that retained a wild-type 
(WT) copy of p53 but were nevertheless sensitive to DNA-damaging agents. Analy-
sis of chemosensitive testicular germ cell tumors harboring WT p53 indicated high 
expression of miR-372 and miR-373 in tumors classified as embryonal carcinoma 
[27]. Also, germ cell lines failed to undergo growth arrest in the presence of a cell 
cycle inhibitor and miR-372 and miR-373. Using prediction algorithms to identify 
targets whose 3′UTRs contained putative binding sites for both miRNAs, the serine 
threonine kinase large tumor suppressor homolog 2 (LATS2) was identified and 
validated using a luciferase reporter assay. Negative regulation of LATS2 by miR-
372 and miR-373 occurs through a combination of RNA ablation and inhibition of 



34 O. Andrews and J. G. Patton

protein synthesis. Since LATS2 is a tumor suppressor, its loss in mouse embryonic 
fibroblasts provides a growth advantage [27]. Together, miR-372 and miR-373 fit 
the oncogenic criteria because downregulation of their mRNA targets prevents exit 
from the cell cycle, resulting in uncontrolled cell growth.

The classification of miRNAs as oncogenes was further substantiated when 
specific miRNAs were found to be overexpressed within diverse tumor types [19, 
28, 29]. One such miRNA that appears to be ubiquitously required for aggres-
sive metastatic potential is miR-21. Encoded on chromosome 17q, miR-21 was 
originally identified as an oncogene in human glioblastoma cells [30]. Through 
analysis of RNA isolated from neoplastic and nonneoplastic glioma samples, miR-
21 was found to be upregulated in gliomas. Inhibition of miR-21 expression in cul-
tured glioblastoma cells caused a marked increase in apoptosis through activation 
of the caspase machinery [30]. Additional evidence for pro-tumorigenic miR-21 
was illustrated through microarray analyses that showed significant upregulation 
of miR-21 in all tumors (breast, colon, lung, pancreas, prostate, and stomach) ir-
respective of the disease status [31]. Consistent with this, the anti-apoptotic pro-
tein Bcl-2 was found to be a direct target of miR-21 in breast cancer cells and 
in a xenograft model of breast cancer [32]. Other tumor suppressor targets of 
miR-21 have been identified including phosphatase and tensin homolog (PTEN), 
which inhibits the oncogene PI3K in AKT-mediated cell proliferation [33]. miR-
21 modulates PTEN levels in lung cancer cells resulting in increased cell growth, 
migration, and invasion [33].

Several reports have referred to the phenomenon of dependence on a single on-
cogene as “oncogenic addiction” [34–36]. A landmark in miRNA cancer research 
was the in vivo demonstration of oncogenic addiction in mice conditionally express-
ing miR-21 [37]. Using Cre recombinase and the Tet-off system, overexpression of 
miR-21 in hematopoietic tissues accelerated pre-B malignant lymphoid-like tumor 
formation, whereas loss of miR-21 resulted in regression of tumors. This clearly 
demonstrates that miR-21 is a bona fide oncomiR. Overexpression of miR-21 in dif-
ferent cancer types (Fig. 2.2) illustrates the dysregulation and dependence on com-
mon miRNA pathways and common mRNA targets in the acceleration of tumori-
genesis [38–41].

Similar to miR-21, the miR-221/222 family encoded on the X chromosome has 
been implicated in several cancer types after initial detection in glioblastoma mul-
tiforme (GBM) [42]. Global miRNA expression profiles (miRNome) showed in-
creased expression of miR-221/222 in patient tissue samples and GBM cell lines. 
Similar microarray analyses uncovered an increase in miR-221/222 expression in 
papillary thyroid carcinoma, consistent with decreased Kit receptor expression, a 
gene with miR-221/222 binding sites [43]. Also, prostate cancer cells showed in-
creased miR-221/222 expression, particularly in highly aggressive PC3 cells (cells 
derived from a distal metastasis) compared to LNCaP cells (slow-growing cells 
derived from local lymph node metastasis) [44]. Overexpression of both miRNAs 
in the slowly growing cell line increased the number of cells entering S-phase. For 
these experiments, targeted inhibition of both miRNAs caused increased expression 
of p27Kip1. Similarly, treatment of tumor-bearing mice with intravenous injection of 
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antisense oligonucleotides against miR-221 resulted in increased survival in mice 
injected with human hepatocellular carcinoma (HCC) [45].

4 miRNAs as Tumor Suppressors

Located in a cluster on chromosome 13q14.3, the first-described tumor suppressor 
miRNA was the miR-15/16 family [46] (Table 2.2). Deletions and translocations in 
this region were found in ~ 65 % of B cell chronic lymphocytic leukemia (CLL). An 
initial inverse correlation was recognized between miR-15/16 and the anti-apoptotic 
regulator protein Bcl2, which is overexpressed and a hallmark of CLL [47]. Other 
miR-15/16 family members harbor the same 9-base-pair Bcl2-complementary se-
quence, providing evidence for a putative interaction consistent with experiments 
that showed that miR-15/16 posttranscriptionally regulates Bcl2. Re-introduction of 
miR-15/16 in a leukemia-derived cell line lacking both miRNAs resulted in strong 
reduction in Bcl2 levels. Also, cells transfected with plasmids expressing miR-15/16 
demonstrated increased apoptosis as measured by DNA fragmentation, activation of 
caspases, and terminal deoxynucleotidyl transferase dUTP nick end labeling (TU-
NEL) staining of individual cells [47].

Tumor growth relies on genetic alterations coupled with external communica-
tion to and from the environment. A critical process for tumor expansion is the 
establishment of stromal progression and the metastatic niche [48]. Tumor cells 

Fig. 2.2  miR-21 expression in cancer. Diverse and redundant mRNA targets of miR-21 have been 
identified in multiple tissues. Some targets like Bcl-2 and Apaf1 regulate apoptosis, while others 
control cell growth and invasion (Cdc25a, PDCD4, PTEN, RECK, Rhob, and TIMP3)
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interact with the extracellular matrix (stroma) and upon metastasis, distant stro-
mal–tumor interactions form a niche that facilitates tumor growth. Distinct cell 
types configure the stromal architecture including fibroblasts that often receive sig-
nals (cytokine and chemokine) from tumor cells that prime the stroma for tumor 
growth. Investigation of prostate cancer–stromal interaction showed downregula-
tion of miR-15/16 in comparison to stroma surrounding noncancerous tissues [49]. 
Candidate mRNA targets were screened using bioinformatic prediction algorithms 
and luciferase reporter assays and found that the 3′UTR of fibroblast growth fac-
tor 2 (FGF-2) and fibroblast growth factor receptor 1 (FGFR1) can be silenced by 
miR-15/16, consistent with increased FGF-2 and FGFR1 in prostate cancer [49]. 
Reconstitution of carcinoma-associated fibroblasts with miR-15/16 also showed a 
reduction of FGF-2 and FGFR1. Last, subcutaneous co-injection of prostate cancer 
cells with fibroblasts transduced with miR-15/16 expression vectors dramatically 
reduced tumor growth in immunocompromised mice [49]. Histological analyses 
showed decreased parenchymal invasion, impaired angiogenic behavior, and re-
duction of FGF-2 expression in the stroma. These experiments show how miR-
NAs can regulate multiple aspects of cancer development including primary tumor 
growth and metastatic spreading.

let-7, the first conserved miRNA discovered in Caenorhabditis elegans, plays a 
pivotal role in regulating animal development and has been implicated in tumori-
genesis [50, 51]. In humans, there are 13 let-7 family members encoded on nine dif-
ferent chromosomes [52]. Microarray analysis of let-7 levels in lung cancer patients 
with squamous cell carcinoma showed a significant decrease in let-7 expression and 
follow-up experiments support the idea that let-7 negatively regulates Ras, consistent 
with increased levels of oncogenic Ras in lung cancer [51]. Indeed, let-7 g reduced 
luciferase activity when the K-Ras 3′UTR was fused to luciferase in mouse lung ad-
enocarcinoma cells. let-7 also repressed the levels of c-Myc using the same reporter 
system.

Typically, let-7 loss is due to chromosomal deletions but mutations in the 3′UTR 
of a let-7 target can also block let-7 function [53]. Chromosomal translocations 
associated with human tumors disrupted repression of the oncogenic chromatin-as-
sociated let-7 target high-mobility group protein A2 (Hmga2) by deletion of 3′UTR 

Table 2.2  Tumor suppressor miRNAs
Tumor suppres-
sor miRNAs

Gene loci Validated 
mRNA targets

Cancer Cellular processes

miR-15/16 Chromosome 
13q14.3

Bcl2, FGF-2, 
FGFR1

Chronic lymphocytic 
leukemia

Apoptosis, 
proliferation

let-7 Chromosome 
21q21

Ras, Hmga2 Lung, breast, ovarian, 
prostate cancers, 
HNSCC, sarcoma61

Proliferation

miR-34 Chromosome 
1p36

SIRT1 Colon cancer Epigenetic modifica-
tion of histones

miR-29 Chromosome X DNMT3A/3B 
CDK6, 
IGF-1R

Mantle cell lymphoma, 
leukemia

DNA methylation, 
proliferation
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regions targeted by let-7 [53]. let-7 regulates Hmga2 by interacting with seven con-
served 3′UTR elements. Expression of truncated Hmga2 lacking the let-7 sites in-
duced higher colony formation on soft agar and anchorage-independent behavior. 
Consistent with this, subcutaneous injection of mouse embryonic fibroblast cells 
with full length, WT Hmga2 produced no tumors, whereas fibroblasts harboring 
mutated let-7 sites or 3′UTR truncations in Hmga2 generated tumors at the sites of 
injections [53]. These data provide in vivo support for a tumor suppressor function 
for let-7 through Hmga2 regulation.

One of the most widely studied anti-tumorigenic proteins is p53, the most com-
monly mutated gene in numerous cancers [54]. Originally identified as a tran-
scription factor, p53 also acts as a DNA damage response protein and apoptotic 
regulator. He and colleagues (2007) examined global changes in miRNA levels 
in p53-deficient mouse embryonic fibroblasts and found that miR-34 expression 
correlates with p53 status [55]. Conditional activation of p53 or induction of p53 
increased miR-34 levels. Analysis of p53 binding showed that p53 occupies spe-
cific miR-34 promoter regions. Ectopic expression of miR-34 inhibited growth of 
human primary fibroblast cells, in addition to inducing cell cycle arrest in G1 after 
addition of miR-34 in immortalized mouse cells and human tumor cells. Upregula-
tion of miR-34 also produced changes in mRNA expression patterns among a large 
number of genes implicated in cell proliferation including cyclin-E and CDK-4 
[55]. These experiments suggest a novel mechanism of p53-mediated regulation 
of cell proliferation through activation of miR-34. Therefore, miR-34 can be con-
sidered a tumor suppressor and, indeed, the chromosomal region 1p36 encoding 
miR-34 is frequently deleted in various cancers including colon cancer [56]. For 
targets of miR-34, increased silent mating type information regulator 1 (SIRT1) 
expression was observed after miR-34a inhibition [57]. SIRT1 is known to regu-
late apoptosis in response to oxidative and genotoxic stress through nicotinamide 
adenine dinucleotide (NAD)-dependent deacetylation (reviewed in [58]). Cell sur-
vival decreased when miR-34a was introduced into colon cancer cells but SIRT1 
re-expression partially blocked miR-34a-mediated cell death. Interestingly, SIRT1 
can deacetylate histones associated with the p53 gene, suggesting a positive feed-
back loop between p53, miR-34a, and SIRT1 [55].

Besides regulating histone acetylation, miRNAs can also regulate DNA meth-
ylation. DNA methylation patterns are frequently altered in cancer [59]. The hu-
man DNA methyltransferases DNMT3A and DNMT3B are targets of miR-29 
[60]. The miR-29 family includes miR-29a, miR-19b-1, miR-29b-II, and miR-29, 
located on chromosome 7q32, a region frequently deleted in various leukemias. 
Lung cancer cells transfected with miR-29 showed a global reduction of DNA 
methylation and reduced promoter methylation and therefore expression of the 
tumor suppressor genes FHIT and WWOX (normally hypermethylated and si-
lenced in lung cancer) [60]. In a mantle cell lymphoma model, miR-29 levels 
were found to be controlled by c-Myc [61]. Promoter analysis showed that Myc, 
HDAC3, and EZH2 form a repressive complex to epigenetically repress miR-
29 transcription in Myc-expressing lymphoma cells. Loss of miR-29 results in 
upregulation of CDK6 and insulin-like growth factor 1 receptor (IGF-1R), pro-
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growth genes that promote Myc-associated lymphomagenesis [61]. miR-29 loss 
therefore confers a growth advantage, supporting its designation as a tumor sup-
pressor miRNA.

5 miRNA Function in Hallmarks of Cancer

As mentioned above, cancer cells have shared characteristics known as the hallmarks 
of cancer. Although the majority of the pro-tumorigenic and anti-tumorigenic miR-
NAs mentioned so far regulate early tumor events including cell growth, apoptosis, 
and invasion, several findings have also implicated miRNAs in later stages of tu-
mor progression. These include angiogenesis, epithelial-to-mesenchymal transition 
(EMT), intravasation into the bloodstream, evading the immune response in transit, 
extravasation, formation of micrometastases, and, eventually, colonization at a sec-
ondary site. Angiogenesis is a key step of the malignant tumor phase and miR-296 is 
associated with this process via targeting hepatocyte growth factor-regulated tyro-
sine kinase substrate (HGS) mRNA, resulting in HGS-mediated degradation of the 
growth factor receptors vascular endothelial growth factor receptor 2 (VEGFR2) 
and  platelet-derived growth factor receptor-beta (PDGFRβ) [62]. Administration of 
antagomirs targeting miR-296 resulted in reduced tumor volume. miR-9 is elevated 
in human breast cancer cell lines and is also associated with angiogenesis, possibly 
through the targeting of E-cadherin [63]. Inhibition of E-cadherin by miR-9 resulted 
in increased β-catenin and VEGF levels in breast cancer cells. Transplantation of 
breast cancer cells expressing miR-9 showed increased MECA-32 (endothelial cell 
antigen) staining and a greater than tenfold increase in the density of intratumoral 
microvessels [63]. Mammary fat pad injections of the highly metastatic 4T1 breast 
cancer cells transfected with an miR-9 sponge showed a ~ 50 % decrease in lung 
metastases. These results support a pro-metastatic role for miR-9 in later stages of 
tumor progression.

Tumor cells undergo an EMT resulting in the loss of cell adhesion and detach-
ment [64]. As a result of EMT, cancer cells at the invasive front gain enhanced mi-
gratory capacity that facilitates intravasation into the bloodstream. Importantly, these 
cells lose E-cadherin expression while activating mesenchymal gene products like 
vimentin and N-cadherin. miR-200 and miR-205 inhibit the expression of two zinc-
finger containing transcription factors, ZEB1 AND ZEB2 that target and repress 
E-cadherin [65]. Human epithelial kidney cells transfected with inhibitors against 
miR-200 displayed minimal E-cadherin expression, increased ZEB1 and ZEB2 ex-
pression, elongated cell morphology, and increased invasion. Transfection of miR-
200a/b and miR-205 into MDCK-Pez-transformed cells resulted in re-expression of 
E-cadherin and a rounded epithelial-like morphology, in addition to loss of ZEB1 
mRNA and protein levels. In breast cancer cells, a reciprocal pattern was observed 
between miR-200 and ZEB1 and ZEB2 with a loss of miR-200 in mesenchymal-
like cell lines compared to epithelial-like cells [65]. Last, patient samples of less 
invasive ductal tumors were found to express miR-200 with coincidently increased 
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E-cadherin levels compared to sarcomatoid metaplastic tumors. This suggests a se-
lection against miR-200 expression during the EMT step of the metastatic cascade.

Using quantitative polymerase chain reaction (PCR), a number of miRNAs were 
identified that are selectively deleted in rare metastatic foci [66]. Mice inoculated 
with aggressive malignant cells from a patient with metastatic breast cancer devel-
oped lung and bone metastases, and analysis of these metastatic cell derivatives 
showed that miR-335, miR-126, and miR-206 were downregulated. Clinical analy-
sis also revealed a significant association between the absence of these miRNAs 
and survival. A follow-up study on miR-126 in breast tumor progression indicated 
that inhibition of miR-126 led to enhanced lung and systemic metastases [67]. The 
effects of miR-126 are due in part to targeting of insulin-like growth factor bind-
ing protein 2 (IGFBP2) and c-Mer tyrosine kinase (MERTK), which have miR-126 
binding sites in their 3′UTRs. Knockdown of IGFBP2 or MERTK in cells lacking 
miR-126 significantly suppressed endothelial recruitment and metastatic coloniza-
tion. Enzyme-linked immunosorbent assay (ELISA) analysis of conditioned media 
from metastatic breast cancer cells confirmed a twofold increase in secreted IGFBP2 
compared to the less metastatic parental cells. Finally, miR-126 was shown to regu-
late MERTK, as secreted MERTK from metastatic cells acted as a decoy receptor 
for the GAS6 ligand with inhibition of miR-126 [67]. These data provide evidence 
for the opposing role miRNAs play in the aggressive stages of tumor progression.

Recent observations have renewed interest in altered metabolic profiles in can-
cer. New results have resurrected Warburg’s observation in 1924 that cancer cells 
metabolize glucose distinct from normal cells, mainly through aerobic glycolysis, 
referred to as the Warburg effect [68]. Nevertheless, mitochondrial adenosine tri-
phosphate (ATP) production and glutamine metabolism also play a role in tumor 
cell behavior [69]. A search of Myc-responsive genes altered in the mitochondrial 
proteome led to the identification of mitochondrial glutaminase (GLS) which cat-
alyzes the conversion of glutamine to glutamate necessary for tricarboxylic acid 
(TCA) cycle-mediated production of ATP. Reverse experiments in human B cell 
lines showed that loss of Myc decreased GLS expression while restoration of Myc 
increased GLS levels. Small interfering RNAs (siRNAs) against GLS attenuated 
Myc-induced cell proliferation but the regulation was indirect, suggesting other 
modes of regulation. Analysis of the GLS 3′UTR revealed binding motifs for miR-
23-a/b. Both miRNAs were previously characterized as direct downstream targets 
of Myc using chromatin immunoprecipitation assays and luciferase reporter assays 
[69]. Thus, Myc suppression of miR-23a/b enhances glutamine catabolism through 
increased GLS expression.

6 miRNAs and Chemoresistance

In addition to serving as regulators of the cell cycle and proliferation, miR-221/222 
was shown to confer resistance to specific inhibitors in a model of breast cancer 
[70]. Tumors of the breast are classified according to the presence or absence of 
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hormone receptors, particularly the estrogen receptor (ER). The ER cascade be-
comes stimulated as the downstream target genes of the ER are activated following 
addition and binding of estradiol. Perturbation of the ER pathway is commonly 
employed as ER-positive tumors (belonging to the luminal category) respond more 
favorably to antiestrogen therapy, whereas highly aggressive ER-negative tumors 
(including triple-negative and basal-like breast cancer) are nonresponsive to anti-
estrogen therapy [71]. Unfortunately, emergence of antiestrogen resistance is ob-
served in some patients with ER-positive tumors [72]. Several inhibitors of ER 
signaling have been used for cancer therapy including tamoxifen and fulvestrant 
[73]. miR-221/222 expression is increased in fulvestrant-resistant breast cancer 
cell lines, and overexpression of both miRNAs can induce estrogen-independent 
growth [70]. Apparently, miR-221/222 controls the transforming growth factor beta 
(TGF-β) signaling pathway to generate a growth inhibitory loop during develop-
ment of fulvestrant resistance.

A population of perpetual CSCs has been attributed to the formation of chemo-
resistance in some cancer patients undergoing chemotherapy [5, 71]. Serial passage 
of cells in engrafted mice treated with chemotherapy led to the enrichment of breast 
tumor-initiating cells [74]. let-7 levels were shown to be reduced in these CD44+ 
and CD24− expressing cells, indicative of stem cells. The effect of let-7 on self-
renewal was illustrated using the mammosphere formation assay [75]. Briefly, stem 
cells grown in suspension form spherical colonies in a manner similar to the three-
dimensional (3D) environment of the tumor. Lentiviral delivery of let-7 resulted in 
a reduction in mammosphere formation [74]. Reduced let-7 expression favored an 
increase in cell proliferation while inhibiting differentiation. Inhibition of known 
let-7 targets showed that a let-7–Ras interaction mediated self-renewal, whereas dif-
ferentiation was regulated via repression of HMGA2 expression. Transplantation of 
mammospheric cells expressing let-7 led to a reduction in tumor formation in mice 
and slower growth rates. Thus, let-7 may play an important role regulating stem cell 
maintenance and pathways mediating chemoresistance.

7 Therapeutic and Clinical Implications of miRNAs

Diverse studies have investigated miRNAs as diagnostic, prognostic, and therapeu-
tic tools in cancer [15, 76–78]. Recent evidence of circulating miRNAs in cancer 
patient serum prompted work to determine whether circulating miRNAs can be uti-
lized as markers for cancer detection and/or disease progression. Tumor-associated 
miRNAs were first detected in the serum of patients with large B-cell lymphomas 
[79]. Increased levels of miR-10b were also detected in serum from patients with 
metastatic breast cancer and inhibition of miR-10b expression prevented invasion 
and migration but not cell viability [80]. Similarly, miR-21 serum levels were found 
to be elevated in patients with chemoresistant hormone-refractory prostate cancer 
(HRPC) but lower in serum of patients with localized prostate cancer [81]. High 
miR-21 expression was also associated with high prostate-specific antigen (PSA) 
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levels. Likewise, miR-24 was found to be increased in the sera from patients with 
tongue squamous cell carcinoma [82]. Last, patients with colorectal cancer and be-
nign adenomas displayed increased plasma miR-92a levels, suggesting that early de-
tection of circulating miR-92a could help prevent or delay transformation of benign 
lesions to malignant tumors [83]. Overall, numerous tumor-associated extracellular 
miRNAs have been uncovered, and continuing research will aid in understanding 
their functional role in cancer progression and validation as bona fide biomarkers.

Besides serum biomarkers, miRNA expression profiles might help with disease 
prognosis. Pancreatic cancer miRNA expression patterns have been developed to 
try to classify pancreatic adenocarcinoma from benign tissue, normal pancreatic tis-
sue, and chronic pancreatitis [84]. Hierarchical clustering led to the identification of 
four major groups with distinct miRNA profiles, in addition to finding candidate tu-
mor-related miRNAs. In lung cancer, differential miRNA expression identified six 
miRNAs ( hsa-miR-205, has-miR-99b, hsa-miR-203, hsa-miR-202, hsa miR-102, 
and hsa-miR-204 precursor) showing the greatest difference in expression between 
two common types of non-small cell lung cancer [85]. Also, a worse prognostic 
impact on lung adenocarcinoma patients was observed with miR-155 expression 
while reduced let-7a2 expression correlated with poor survival [85]. For prostate 
cancer, analysis of 51 miRNAs identified upregulated and downregulated miRNAs 
allowing tumor classification based on androgen dependence, either hormone naïve 
or hormone refractory [86]. Last, HCC tumors had decreased miR-26 expression, 
and lower miR-26 expression correlated with shorter survival [87]. Together, these 
data demonstrate differential miRNA expression in various tumors and support an 
emerging prognostic role for miRNAs in cancer.

As a therapeutic strategy for combating tumorigenesis, both delivery and inhibi-
tion of miRNA activity have shown promising potential. Using a murine model of 
human lung cancer driven by an activated K-Ras mutation, lung delivery of a let-7 
mimetic through inhalation resulted in a 66 % reduction in tumor burden [88]. let-7 
was also shown to induce cell death in an apoptotic-independent manner [88]. In a 
murine model of HCC driven by Myc activation, delivery of miR-26a significantly 
reduced or completely ablated tumors [89]. In breast cancer, miR-10b was identi-
fied as a suppressor of breast cancer metastasis [90]. Systemic treatment of breast 
tumor-bearing mice with an miR-10b antagomir suppressed formation of lung me-
tastases, mediated via targeting Hoxd10. These experiments suggest that develop-
ment of miRNA-based therapies might provide powerful approaches to reducing 
tumor burden and dissemination.

8 Conclusions and Future Perspectives

The role that miRNAs play in the initiation and progression of tumorigenesis has 
opened the door to understanding the regulation of gene expression during tumor 
formation and created the possibility for new therapeutic approaches to cancer treat-
ment (Fig. 2.3). miRNAs can act as both oncogenes and tumor suppressors to regu-



42 O. Andrews and J. G. Patton

late hallmarks of cancer. Because miRNAs can regulate multiple genes, the key to 
future work is to identify specific targets that directly regulate decisions controlling 
proliferation and/or apoptosis. However, as targets are being identified, expression 
profiles of miRNAs within distinct stages of tumors or in serum might allow for the 
development of novel biomarkers to assist in diagnostic and prognostic outcomes. 
Personalized medicine based on miRNA expression and the use of miRNA thera-
peutic strategies has the potential to provide powerful new tools in cancer treatment.
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Abstract Genomic instability is a hallmark of cancer cells and one of the underlying 
mechanisms is probably caused by the failure to repair DNA damages that have 
been passed on to the progeny cells. Cells have evolved many types of DNA repair 
mechanisms to counteract the DNA damages induced by exogenous insults, such 
as ionizing radiation, ultraviolet radiation, and chemical reagents, or endogenous 
stimuli-like reactive oxygen species (ROS). These repair mechanisms constitute an 
elaborate genome maintenance system to protect genomic integrity and therefore 
defend tumorigenesis. Most recently, microRNAs (miRNAs) have been reported to 
be a new class of regulators that modulate the DNA damage response pathways by 
targeting the protein components of response machinery. Here, we summarize and 
highlight the miRNAs that have been shown to regulate the different DNA repair 
pathways and discuss their roles in carcinogenesis and implications in cancer therapy.

Keywords MicroRNA · DNA damage response · DNA repair · Double-strand breaks

1 Introduction

Genomic instability is a hallmark of cancer cells and is thought to be an underlying 
factor responsible for the other six acquired hallmarks of cancer [1, 2]. Cells have 
evolved an elaborate genome maintenance system to protect genomic integrity and 
resolve the defects in DNA [3, 4]. DNA repair mechanisms lie in the core of this ge-
nome maintenance system. Different DNA repair mechanisms have been developed 
by cells to counteract various types of DNA lesions. For example, base excision repair 
(BER) fixes the small chemical alterations of DNA bases; mismatch repair (MMR) 
replaces the mispaired DNA, while nucleotide excision repair (NER) removes an 
oligonucleotide containing the damaged bases [5, 6]. Single-strand breaks (SSBs) 
are repaired by single-strand break repair (SSBR), whereas double-strand breaks 
(DSBs) are processed either by nonhomologous end joining (NHEJ) or homologous 
recombination repair (HRR) [7, 8]. These repair mechanisms constitute a critical 
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defense mechanism against genomic instability and subsequent tumorigenesis [9, 
10]. The mutations in the genes encoding the protein components of the DNA repair 
machinery leading to cancer have been well documented. For instance, BRCA1 and 
BRCA2, two important DSB HRR proteins, are involved in hereditary breast cancers 
[11]. Most of these genes behave like tumor suppressors during tumorigenesis.

MicroRNAs (miRNAs) are single-stranded small RNAs of 19–25 nucleotides 
in length that have been known to be involved in many normal physiological or 
abnormal pathological processes, including cancers. miRNAs function either as on-
cogenes or as tumor suppressors during tumor development [12, 13]. More than 
700 human miRNAs have been identified, but the function for most of them still 
needs to be characterized [14]. Around 20–30 % of human genes are predicted to 
be regulated by miRNAs [14]. Therefore, one miRNA can regulate multiple genes 
and one gene can be controlled by multiple miRNAs. miRNAs are found within 
or near genomic fragile sites and more than 50 % human miRNAs are found at or 
near the cancer-associated genomic regions [15, 16], implicating the involvement 
of miRNAs in cancer development. Recently, miRNAs are reported to be involved 
in DNA damage response (DDR) and modulate the response of cancer cells to cyto-
toxic treatments, including radio/chemotherapy [17–19]. Here, we summarized the 
DNA repair-associated miRNAs and discussed their potential role in maintaining 
the genomic integrity and cancer development.

2 MicroRNA Biogenesis, Regulation and Cancer

2.1 MiRNA Biogenesis: Core Components

MiRNAs are noncoding small RNAs that silence gene expression by either cleav-
ing target messenger RNAs (mRNAs) or repressing translation [20]. The biogen-
esis of miRNAs comprises three steps: transcription, processing/maturation, and 
degradation (Fig. 3.1). First, miRNAs are transcribed by RNA polymerase II into 
pri-miRNAs with the aid of transcription factors [21–24]. Second, pri-miRNAs are 
5′ capped and 3′ polyadenylated and further cleaved into pre-miRNA by the Dro-
sha/DGCR8 microprocessor complex [25–27]. Pre-miRNA is then exported from 
nucleus to cytoplasm by exportin-5 and Ran–guanine triphosphate (GTP) [28, 29]. 
In the cytoplasm, pre-miRNA is cleaved by Dicer/transactivation response (TAR) 
RNA-binding protein (TRBP) to an imperfect miRNA/miRNA* duplex of around 
20–25 nt in size [30]. Only one strand of the duplex is incorporated into RNA-
induced silencing complex (RISC/Argonaute (AGO) 1–4) to bind to 3′-untranslated 
region (UTR) of target gene and suppress its expression while the other strand is 
normally degraded. The RISC-loaded mature miRNA is protected from degradation 
by AGO proteins [31–33]. Finally, after finishing its task, the mature single-strand 
miRNA will be degraded by the 5′-3′ exoribonuclease XRN2 [34] or the 3′-5′ ex-
oribonucleases, such as human polynucleotide phosphorylase (hPNPase) [35] and 
nuclear exosome [36].



493 MicroRNA, DNA Repair, and Cancer

The core components of miRNA biogenesis machinery include Drosha/DGCR8, 
exportin5/Ran5–GTP, Dicer/TRBP, AGO1–4, and XRN2/hPNPase [37]. Loss of 
expression or gain of function caused by mutations in these core genes results in 
dysregulation of many miRNAs, therefore contributing to the development of tu-
mors. For example, loss of Dicer and Drosha expression is found in breast cancer 
samples [38], implying that Dicer and Drosha function as suppressors of breast 
cancer progression. Furthermore, loss of Dicer is a predictor of better response for 

a

b

c

Fig. 3.1  miRNA biogenesis and regulation. The biogenesis of miRNA comprises three steps: tran-
scription (a), processing and maturation (b), and degradation (c). The proteins involved in these 
steps constitute the core machinery of miRNA biogenesis [17]. RNA modification, including A-to-I 
editing, uridylation, adenylation, and methylation on pri-mRNAs, pre-miRNAs, or mature miRNAs, 
changes the miRNA stability and/or target specificity. Protein modulation, such as protein modifica-
tion (phosphorylation, hydroxylation, ubiquitinylation), protein–RNA interaction, or protein–pro-
tein interaction, regulates the core miRNA biogenesis and alters the miRNA expression levels

 



50 H. Hu

breast cancers to chemotherapy and to endocrine therapy [39]. Ovarian cancer pa-
tients with both high Dicer expression and high Drosha expression are associated 
with increased median survival [40]. A second example is that reduced TRBP pro-
tein expression caused by mutations in the TARBP2 gene is found in sporadic and 
hereditary carcinomas with microsatellite instability and results in the defect of the 
processing of miRNAs. Reintroduction of TRBP in the deficient cells restores the 
efficient production of miRNAs and inhibits tumor cell growth [41]. The mutant ex-
portin-5 protein traps pre-miRNAs in the nucleus and reduces miRNA processing, 
while the restored exportin-5 protein reverses the impaired export of pre-miRNAs 
and shows tumor suppressor features [42].

In addition to these core components, many other protein factors are reported to 
regulate miRNA expression by modulating the miRNA biogenesis machinery. Two 
modes of regulation have been reported: RNA modification, in which pri-miRNAs, 
pre-miRNAs, or mature miRNAs are modified and therefore their stability is 
changed accordingly, and protein modification/interaction, in which protein factors 
change the miRNA stability or target specificity by directly interacting with the 
RNAs or with the biogenesis machinery protein components.

2.2 RNA Modifications

Adenosine deaminases (ADAR1 and ADAR2) edit some human pri-miRNAs by 
switching A (adenosine) to I (inosine), which can block the maturation of pri- or 
pre-miRNAs and/or change their target specificity [43–45] (Fig. 3.1). For example, 
A-to-I editing of pri-miR-142 prevents its processing by Drosha but promotes its 
degradation by Tudo-SN, a ribonuclease, while A-to-I editing of pre-miR-376 in 
the “seed” sequence changes its target specificity [46]. A 3′ end of pre-miRNAs can 
be modified by oligouridylation or monouridylation. Some pre-miRNAs, includ-
ing let-7, miR-107, miR-143, and miR-200c, recruit terminal uridylyltransferase 
4 (TUT4) together with Lin28 to facilitate the 3′-end oligouridylation and subse-
quent degradation in stem cells [47]. Prototypic pre-miRNAs usually have a 2-nt 3′ 
overhang that can be recognized by Dicer for processing, while some pre-miRNAs 
(let-7 and miR-105) only acquire a 1-nt 3′ overhang from Drosha processing and 
therefore require a 3′-end monouridylation for Dicer processing. TUT7, TUT4, 
and TUT2, as the terminal uridylyl transferases, are responsible for pre-miRNA 
monouridylation. Monouridylation occurs in somatic cells to promote let-7 biogen-
esis, while oligouridylation inhibits let-7 in embryonic stem cells [48]. In addition to 
uridylation, the 3′-end of pre-miRNA can also undergo adenylation. A liver-specific 
miRNA, miR-122, is added to an adenosine at the 3′-end by GLD2, a regulatory 
cytoplasmic poly(A) polymerase, which is required for the selective stabilization of 
miR-122 in the liver [49, 50]. Interestingly, miR-122 is found to downregulate cy-
toplasmic polyadenylation element-binding protein (CPEB), which promotes poly-
adenylation/translation on the 3′-UTR of p53 mRNA by recruiting Gld4, a second 
noncanonical poly(A) polymerase. This newly identified pathway Gld2/miR-122/
CPEB/Gld4/p53 results in cellular senescence of primary human diploid fibroblasts 
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[51]. A 2′-O-methylation on the 3′-terminal ribose is another major mechanism that 
increases the stability of small RNAs. HUA ENHANCER1 (HEN1), an RNA meth-
yltransferase, has been reported to methylate miRNAs and small interfering RNAs 
(siRNAs) in plants and Drosophila, Piwi-interacting RNAs (piRNAs) in animals 
[52–55]. Another RNA methyltransferase, BCDIN3D, can O-methylate 5′-mono-
phosphate of pre-miRNAs and negatively regulates miRNA maturation. Specifical-
ly, BCDIN3D phospho-dimethylates pre-miR-145 and inhibits the Dicer processing 
for pre-miR-145 [56].

2.3 Protein Modifications

The core protein component TRBP can be phosphorylated by the mitogen-activated 
protein kinase (MAPK) Erk, and this phosphorylation enhances miRNA production 
by increasing stability of the Dicer/TRBP complex [57] (Fig. 3.1). KH-type splicing 
regulatory protein (KSRP) has been shown to be serine phosphorylated by ataxia 
telangiectasia mutated (ATM) protein in response to DNA damage, and this phos-
phorylation facilitates the miRNA processing for a subset of miRNAs [58]. These 
studies suggest a general principle wherein signaling pathways can achieve their 
biological outcome through regulating the miRNA machinery. AGO proteins are 
essential components of the RISCs. It is reported that AGO2 can be hydroxylated 
by the type I collagen prolyl-4-hydroxylase (C-P4H(I)) and this hydroxylation is 
important for AGO2 stability and efficient RNA interference [59]. AGO2 can also 
be ubiquitinylated by an E3 ubiquitin ligase Mouse Lin41 (mLin41) and destined 
for degradation. Therefore, mLin41 acts as an inhibitor of the miRNA pathway 
by targeting AGO2 for ubiquitinylation. But mLin41 also cooperates with Lin28 
in suppressing let-7 activity independent of its E3 ligase activity, revealing a dual 
control mechanism regulating let-7 in stem cells [60].

2.4 Protein–RNA Interactions

Lin28 Lin28 is a pluripotency factor with two isoforms Lin28A and Lin28B. Both 
Lin28A and Lin28B can downregulate let-7 miRNA expression but with differ-
ent mechanisms (Fig. 3.1). Lin28A recognizes a tetranucleotide sequence motif 
(GGAG) in the terminal loop and recruits TUT4 to add an oligouridine tail to the 
pre-let-7, which blocks Dicer processing [47]. Lin28A also uses TUT7 as an alter-
native TUTase that redundantly controls let-7 biogenesis in embryonic stem cells 
with TUT4 [61]. Lin28B represses let-7 processing through a TUT4-independent 
mechanism. Lin28B functions in the nucleus by sequestering pri-let-7 transcripts 
and inhibiting their processing by Drosha/TRBP complex. Furthermore, Lin28A and 
Lin28B are exclusively expressed in human breast tumors: Lin28A is overexpressed 
in HER2-overexpressing breast tumors, whereas Lin28B is overexpressed in triple-
negative breast tumors, suggesting that the different mechanisms that Lin28A and 
Lin28B employed may contribute to the different types of breast tumors [62].
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KSRP KSRP is a key mediator of mRNA decay and can regulate the biogenesis 
of a subset of miRNAs by forming complexes with Drosha or Dicer [63]. KSRP 
binds to the terminal loop of pre-miRNAs and promotes their maturation. The target 
mRNAs by KSRP-induced miRNAs have been shown to be involved in specific 
biological programs, including proliferation, apoptosis, and differentiation [63]. 
Interestingly, KSRP is also a key player that transduces DNA damage signaling to 
miRNA biogenesis. The ATM kinase directly binds to and phosphorylates KSRP, 
leading to enhanced interaction between KSRP and pri-miRNAs and increased 
KSRP activity in miRNA processing, suggesting a novel mechanism by which DNA 
damage signaling is linked to miRNA biogenesis [58].

hnRNP A1 Heteronuclear ribonucleoprotein A1 (hnRNP A1) can negatively regu-
late let-7a by binding to the terminal loop of pri-let-7a and inhibiting its processing 
by Drosha. The binding of hnRNP A1 to let-7a interferes with the binding of KSRP, 
thereby having an antagonistic role in the regulation of let-7a expression [64, 65]. 
Additionally, hnRNP A1 not only binds to the pri-miR-18a and reduces its pro-
cessing by Drosha but also involves in the mature miR-18a-mediated repression of 
target genes, suggesting the new role for general RNA-binding proteins as auxiliary 
factors to facilitate the processing of specific miRNAs [66].

TDP-43 TAR DNA-binding protein-43 (TDP-43), a homolog to hnRNPs, is known 
to be involved in RNA processing and its mutation and abnormal cellular distri-
bution is a key feature of amyotrophic lateral sclerosis (ALS) and frontotemporal 
lobar degeneration (FTLD), two neurodegenerative diseases [67]. TDP-43 facili-
tates the production of a subset of pre-miRNAs by interacting with the Drosha com-
plex and binding directly to the relevant pri-miRNAs. Furthermore, cytoplasmic 
TDP-43, which interacts with the Dicer complex, promotes the processing of some 
pre-miRNAs via binding to their terminal loops. The involvement of TDP-43 in 
miRNA biogenesis is indispensable for neuronal outgrowth [68]. The Drosophila 
TDP-43 (dTDP-43) has also been reported as controlling the precision of sensory 
organ precursor (SOP) specification through acting on miR-9a, suggesting a novel 
role for endogenous TDP-43 in neurodegeneration diseases via miRNAs [69].

MCPIP1 Monocyte chemotactic protein-induced protein 1 (MCPIP1) is a ribo-
nuclease that acts as a broad suppressor of miRNA activity and biogenesis. MCPIP1 
counteracts with Dicer in miRNA processing and suppresses miRNA biosynthesis 
via cleavage of the terminal loops of pre-miRNAs. The balance between Dicer-
mediated processing and MCPIP1-mediated destroying modulates miRNA biogen-
esis and potentially affects the normal and pathological miRNA regulation [70].

2.5 Protein–Protein Interactions

p68 (DDX5) and p72 (DDX17) Both p68 and p72 are DEAD-box RNA helicase 
subunits that are required for efficient RNA splicing and miRNA processing. They 
are found in the Drosha complex and are required for the recognition of a subset of 
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pri-miRNAs in Drosha-mediated processing [71]. In particular, in response to DNA 
damage, p53 interacts with the Drosha-processing complex through the association 
with p68 and facilitates the processing of pri-miRNAs to pre-miRNAs, including 
miR-16–1, miR-143, and miR-145. Inactive p53 mutants interfere with the p68/
Drosha interaction, leading to attenuation of miRNA-processing activity [72]. miR-
143 and miR-145 belong to a subset of miRNAs whose expression is controlled by 
p53 and p68/p72. The combination of miR-143 and miR-145 inhibits the expres-
sion of c-Myc, whereas miR-145 downregulates p72 expression, forming a feed-
back loop to prevent overproduction of a subset of tumor suppressive miRNAs by 
repressing their own modulators p68/p72 [73]. The overexpression of p68/p72 has 
been reported in three major human cancers (colon, breast, prostate), strongly sug-
gesting their proto-oncoprotein properties [74].

SMADs Smads, the signal transducers of transforming growth factor (TGF)-β/
bone morphogenetic protein (BMP), promote the expression of a subset of miR-
NAs by facilitating the cleavage by Drosha. A majority of TGF-β/BMP-regulated 
miRNAs (T/B-miRs) contain a consensus sequence Smad binding element (R-SBE) 
within the stem region of the primary transcripts of T/B-miRs (pri-T/B-miRs), to 
which Smads directly bind. Mutation of the R-SBE abrogates TGF-β/BMP-induced 
recruitment of Smads, Drosha, and DGCR8 to pri-T/B-miRs and impairs their pro-
cessing, whereas introduction of R-SBE to unregulated pri-miRNAs is sufficient to 
recruit Smads and to allow regulation by TGF-β/BMP [75, 76].

BRCA1 BRCA1 accelerates the processing of pri-miRNAs. BRCA1 increases the 
expressions of both precursor and mature forms of let-7a-1, miR-16–1, miR-145, 
and miR-34a. BRCA1 binds directly to Drosha and p68 and also recognizes the 
RNA secondary structure and directly binds with pri-miRNAs via a DNA-binding 
domain. BRCA1 regulates miRNA biogenesis via the Drosha/DGCR8 complex, 
suggesting a novel function of BRCA1 in miRNA biogenesis, which may be linked 
to its tumor suppressor mechanism and maintenance of genomic stability [77]. 
BRCA1 can also epigenetically repress miR-155 expression via its association with 
HDAC2, which deacetylates histones H2A and H3 on the miR-155 promoter. The 
R1699Q variant of BRCA1, a potentially moderate-risk variant, does not impair 
DNA damage repair but abrogates the repression of miR-155. This demonstrates a 
new mode of tumor suppression by BRCA1 and suggests that miR-155 is a potential 
therapeutic target for BRCA1-deficient tumors [78].

SF2 The splicing factor serine/arginine-rich splicing factor 2 (SF2/ASF) is found 
to regulate about 40 miRNAs expression by miRNA deep sequencing [79]. SF2/
ASF and one of its upregulated miRNAs (miR-7) form a negative feedback loop: 
SF2/ASF promotes miR-7 maturation, and mature miR-7 in turn targets the 3′-UTR 
of SF2/ASF to repress its translation. Direct interaction between SF2/ASF and 
pri-miR-7 facilitates Drosha cleavage and enhances its expression, which is inde-
pendent of SF2/ASF’s splicing function. Other miRNAs, including miR-221 and 
miR-222, may also be regulated by SF2/ASF through a similar mechanism [79].

Taken together, the miRNA biogenesis is subject to multiple levels of regula-
tion to tightly control its activity (Fig. 3.1). Loss of activity of the core components 
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and other regulatory factors leads to the dysregulation of a subset of miRNAs or a 
specific miRNA. It will be interesting to see how the core miRNA biogenesis ma-
chinery is regulated by specific factors to achieve its specificity of regulation on a 
subgroup of miRNAs or a specific single miRNA. Of particular interest to the DNA 
repair is that the miRNA biogenesis regulatory proteins, p68, BRCA1, and ATM/
KSRP, are already known as DNA repair factors, suggestive of an intrinsic link of 
DDR with miRNA biogenesis.

3 MicroRNAs in DNA Repair

It has been known that miRNA expression can be modulated by different types 
of DNA damage. For example, ionizing radiation (IR)-induced DNA damage 
(mainly the DSBs) induces miRNA expression. However, no obvious overlap of 
IR-responsive miRNAs has been found among different cell lines, suggesting that 
IR-responsive miRNA profiles might be cell type specific [17]. Different DNA-
damaging agents, such as ultraviolet (UV) radiation, H2O2, and chemical com-
pounds, have been reported to modulate miRNA expression but induce a different 
miRNA response [80–82]. In addition to being regulated by DNA damage, miR-
NAs can also regulate DDR by targeting the protein components of DDR pathways. 
Herein, we will summarize the miRNAs that modulate the DDR after briefly re-
viewing the different types of DNA repair mechanisms.

3.1 DNA Repair Mechanisms

Cells have developed different DNA repair mechanisms to deal with DNA dam-
ages caused by endogenous stimuli and exogenous environmental insults. The ma-
jor endogenous DNA damage molecules are reactive oxygen species (ROS), which 
are the by-products of normal cellular metabolism and can cause oxidative stress. 
Oxidative stress has been demonstrated to play a significant role in the etiology 
of many diseases, including DNA repair deficiency disorders [83]. An excess of 
ROS may lead to the formation and accumulation of mutagenic, toxic, and genome-
destabilizing DNA lesions. To repair and resolve such lesions, cells have developed 
several DNA repair pathways, such as NER, BER and MMR.

NER and BER are two pathways responsible for repair of the majority of DNA 
lesions induced by ROS. NER is a multistep repair pathway that specifically fixes 
the oxidative-modified DNA bases, such as 8-oxoguanine, thymine glycol (Tg), 
and cyclodeoxyadenosine. NER involves five steps: recognition, recruiting, inci-
sion, synthesis, and ligation. Basically, the DNA damage is recognized by the repair 
factors xeroderma pigmentosum complementation group A (XPA), replication pro-
tein A (RPA) and XPC, which recruit the helicases XPB and XPD to the damaged 
sites to unwind DNA. Then XPG and XPF–excision repair cross-complementing 
(ERCC1) nucleases are recruited for the 3′ and 5′ incisions, respectively, to remove 
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the damaged DNA. Then repair synthesis starts to fill the gap by replication factor 
C (RPC), proliferating cell nuclear antigen (PCNA) and DNA polymerases POLδ/ε 
using the other strand as a template and finally the newly synthesized strand is li-
gated by DNA ligase I (Fig. 3.2a) [84].

BER is a simpler version of NER in the case that the oxidative damage is con-
fined to a base. BER essentially involves three steps: (1) Recognition: the modi-
fied base is recognized and cleaved by an appropriate DNA glycosylase, such as 
oxoguanine glycosylase (OGG1) for 8-oxo-G damage or endonuclease VIII-like 3 
(NEIL3) for Tg damage. (2) Chain break: the AP endonuclease (APE)1 is recruited 
to the 5′ side of the base to break the chain. (3) Fill-up and ligation: DNA POLδ/ε 
comes to fill up one nucleotide gap and the DNA ligase III/XRCC1 complex arrives 
to seal the nick (Fig. 3.2b) [85, 86].

Mispaired bases of DNA are recognized by heterodimeric complexes of mu-
tator S (MutS)-related proteins, which then recruit the downstream MutL-related 
proteins to facilitate MMR. Different heterodimeric complexes of MutS and MutL 
are reported to be responsible for recognition and repair of different types of mis-
matched DNA. For example, MutSα, composed of melanocyte-stimulating hor-
mones (MSH)2 and MSH6, initiates the repair of base–base mismatches and small 
insertion–deletion loops (IDLs). MutSβ, a heterodimer of MSH2 and MSH3, repairs 
both small loops in addition to large loop mismatches of approximately ten nucleo-
tides. MutLα (composed of MutL homolog 1 (MLH1) and postmeiotic segregation 
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Fig. 3.2  DNA repair machinery and miRNAs. The core protein components of different repair 
pathways are summarized: a nucleotide excision repair, b base excision repair, c mismatch repair, 
d single-strand break DNA repair, and e double-strand break DNA repair. miRNAs that have been 
shown to regulate the core proteins of these different repair pathways are indicated in red
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2 (PMS2) proteins) is the primary complex for mismatch correction while MutLβ 
heterodimer (composed of MLH1 and PMS1 proteins) plays a minor role. Further-
more, MutLγ (MLH1 and MLH3) acts as a backup for MutLα in the repair of base–
base mismatches and small IDLs. MutS/MutL forms a sliding clamp with PCNA 
and replication factor C (RFC) to allow the identification of the daughter strand, and 
exonuclease 1 (EXO1), a DNA exonuclease, enters the DNA structure to remove 
daughter-strand DNA. Once the mismatch is removed, the activity of EXO1 is sup-
pressed by MutL, thus terminating DNA excision. Upon completion of this process, 
a DNA polymerase δ synthesizes DNA in place of the excised sequence with a DNA 
ligase I that joins any gaps in the DNA sequence (Fig. 3.2c) [5, 87].

SSB and DSB are usually induced by exogenous stimulators such as UV, IR or 
chemical compounds. ATM and Ataxia Telangiectasia and Rad3 related (ATR) are 
serine/threonine kinases that transduce these SSB and DSB DNA damage signals 
to downstream events. ATM is primarily activated in response to DSBs, whereas 
ATR is mainly involved in SSB and stalled replication forks. ATM/ATR coordinate 
downstream events such as cell cycle, DNA repair, and apoptosis by phosphorylat-
ing a wide set of protein substrates and impact a variety of cellular physiologies 
(Fig. 3.2d, e) [88, 89].

To repair SSB, ATR has to be activated. Single-strand DNA (ssDNA) is stabi-
lized by replication protein A (RPA) binding and then recruits Rad17 to load Rad9–
Rad1–Hus1 (9–1–1) complex and ATR-interacting protein (ATRIP)–ATR complex 
onto DNA, during which ATR is activated. In SSBR, poly(ADP-ribosyl)ation of 
ssDNA by poly(ADP-ribose) polymerase (PARP)1/2 is the first step and thought 
to aid in recruiting other DNA repair proteins, such as XRCC1 and ligase III to the 
site and promote SSB repair following DNA end processing by XRCC1-interacting 
proteins such as DNA Polβ, polynucleotide kinase (PNK), apurinic/apyrimidinic 
(AP) endonuclease 1 (APE1), Aprataxin (APTX), and Aprataxin and PNKP like 
factor (APLF) (Fig. 3.2d) [90].

DNA DSBs are highly toxic to cells and can drive genomic instability [91]. 
Failure to properly execute DSB repair is known to accelerate tumorigenesis and 
is associated with several genetic disorders [92]. ATM activation is required for 
DSB repair. The MRE11-RAD50-NBS1 (MRN) complex acts as a sensor of DSB 
to recruit ATM to DNA damage site. The phosphorylation of histone variant H2A 
histone family, member X (H2AX) by ATM results in the recruitment of MDC1 as a 
scaffold to further recruit 53BP1 and a series of ubiquitin ligases ring finger protein 
8 (RNF8), RNF168 and BRCA1 to initiate DSB DNA repair (Fig. 3.2e) [93].

NHEJ and HRR represent two major DSB repair pathways in different cell cycle 
phase. NHEJ occurs in the G0/G1 phase while HRR in the late S/G2 phase. Up to 
90 % of DSBs are repaired by NHEJ in G1 phase of the cell cycle by an ATM-in-
dependent mechanism. Six core proteins required for NHEJ have been identified to 
date, Ku70, Ku80, DNA-dependent protein kinase, catalytic subunits (DNA-PKcs), 
X-ray repair cross-complementing protein 4 (XRCC4), XRCC4-like factor (XLF), 
and DNA ligase IV (LIGIV), which are assembled as two steps: the Ku heterodimer 
(Ku70/80) binds to DSB ends and recruits DNA-PKcs and consequently coordinate 
end processing with rejoining by recruiting XRCC4, XLF, and LIGIV (Fig. 3.2e) 
[94]. DSBs can also be repaired by homologous recombination (HR)-mediated 
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pathways. Repair is initiated by CtBP-interacting protein (CtIP)–BRCA1 complex-
mediated resection of a DSB to provide 3′ssDNA overhangs [95] and followed by 
strand invasion and strand displacement, which is mediated by RAD52, RAD51 
paralogs (-A, -B, -C). DNA resynthesis of the broken portion with the undamaged 
sister molecules as a template is then mediated by RAD51–BRCA2 complex and 
RAD54 (Fig. 3.2e) [96].

3.2 Core MMR Proteins-miR-155, miR-422a, miR-21

Defects in MMR can lead to genomic instability and cause hereditary colorectal 
cancer as well as 10–40 % of sporadic colorectal and gastric cancers [97] (Fig. 3.2c). 
A human miRNA, miR-155, is reported to negatively regulate MSH2, MSH6, and 
MLH1, the three core MMR proteins that affect the recognition and repair of mis-
match DNA. Overexpression of miR-155 induces the genomic instability, includ-
ing elevated mutation rates and microsatellite instability (MSI), by targeting these 
MMR core proteins. The inversed correlation between miR-155 overexpression and 
downregulation of MLH1 or MSH2 protein expression is found in human colorectal 
cancer, suggesting that miR-155 modulation of MMR might be a mechanism of 
colorectal cancer pathogenesis [98]. Another miRNA, miR-422a, is found to down-
regulate MutLα (MLH1–PMS2 heterodimer) levels by suppressing MLH1 expres-
sion through its 3′-UTR. Interestingly, MutLα stimulates the conversion of pri-miR-
422a to pre-miR-422a, thereby forming a feedback loop that regulates the level of 
both molecules [99]. MMR repair-deficient cells display a characteristic of reduced 
5-fluorouracil (FU)-induced G2/M damage arrest and apoptosis. Overexpression of 
miR-21 in cells exhibits this cellular phenotype and miR-21 is found to downregu-
late the core MMR recognition protein complex, MSH2 and MSH6. A high level of 
miR-21 is inversely correlated with reduced MSH2 protein expression in a number 
of human tumors including colorectal cancer. Moreover, xenograft studies demon-
strate that miR-21 overexpression dramatically reduces the therapeutic efficacy of 
5-FU. These studies suggest that the downregulation of the MMR gene by miR-21 
overexpression may be an important clinical indicator of therapeutic efficacy in 
colorectal cancer [100].

3.3 NER Proteins–miR-192

NER has been found to be inhibited by hepatitis B virus (HBV) [101] (Fig. 3.2a). 
miRNA expression profiling of HBV-infected hepatocellular cells identified that 
miR-192 is significantly upregulated in these infected cells. Furthermore, overex-
pressing miR-192 inhibits cellular NER by downregulating XPB and XPF, two key 
factors in NER. These results indicate that persistent HBV infection might trigger 
NER impairment in part through upregulation of miR-192, which suppresses the 
levels of XPB and XPF. It provides new insights into the effect of chronic HBV 
infection on NER and genetic instability in cancer [102].
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3.4 H2AX-miR-24, miR-138

The phosphorylation of H2AX (γ-H2AX) is the initial step for a cascade of DSB 
response, functioning to link the damaged DNA to the DNA repair machinery. 
γ-H2AX foci formation is also an indicator for DSB. Modulation of H2AX expres-
sion is, therefore, important for the DSB detection and repair. miR-24 is identified 
by miRNA array to be upregulated during postmitotic differentiation of hemato-
poietic cell lines and downregulates the expression of H2AX. miR-24-mediated 
suppression of H2AX renders hematopoietic cells hypersensitive to γ-irradiation 
and genotoxic drugs, which might account for the reduced capacity to repair DSB 
in terminally differentiated hematopoietic cells [103]. By screening a library of hu-
man miRNA mimics to inhibit γ-H2AX foci formation, miR-138 directly targets the 
histone H2AX 3′-UTR to reduce H2AX expression and induces chromosomal insta-
bility after DNA damage. Overexpression of miR-138 inhibits HRR and enhances 
cellular sensitivity to multiple DNA-damaging agents. Reintroduction of H2AX in 
miR-138 overexpressing cells abrogates miR-138-mediated hypersensitivity. This 
study suggests that miR-138 is an important regulator of genomic stability and a po-
tential therapeutic agent to improve the efficacy of radiotherapy and chemotherapy 
with DNA-damaging agents [104].

3.5 BRCA1-miR182, miR-146a

BRCA1 is a strong breast cancer susceptibility gene, and germline mutations in 
the BRCA1 gene predispose women to breast cancer. The BRCA1 protein plays a 
critical role in DSB DDR by detecting the DNA damage and promoting HRR [105]. 
BRCA1 deficient cells show genome instability and are intrinsically sensitive to 
PARP inhibitors [106]. BRCA1 modulates the miRNA biogenesis by interacting 
with Drosha and p68 (Fig. 3.1). However, BRCA1 per se is subjected to miRNA 
modulation. In a pull-down assay, BRCA1 transcripts are reported to be enriched 
in the AGO/miR-182 complex. Overexpression of miR-182 leads to the hypersen-
sitivity of cells to IR and impairs HRR. These impaired DNA repair phenotypes 
can be rescued by introducing back BRCA1 protein, suggesting that BRCA1 medi-
ates the effects of miR-182 on DNA repair. On the other hand, inhibition of miR-
182 increases BRCA1 protein levels and protects cells from IR-induced cell death. 
miR-182-overexpressing breast tumor cells are hypersensitive to PARP1 inhibi-
tors, similar to the BRCA1 deficient cell. Conversely, inhibiting miR-182 enhances 
BRCA1 levels and induces resistance to PARP1 inhibitors. These results suggest 
that miR-182-mediated downregulation of BRCA1 affects DNA repair and may 
impact breast cancer therapy [107].

Low levels of BRCA1 protein is also found in about one-third of sporadic 
breast cancers. Two miRNAs, miR-146a and miR-146b-5p, have been shown to 
bind to 3′-UTR of BRCA1 and downregulate BRCA1 expression. The miR-146a/
miR-146b-5p-mediated BRCA1 increases cell proliferation and reduces HRR. Fur-
thermore, the highest levels of miR-146a and/or miR-146b-5p are found in basal-
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like mammary tumor epithelial cell lines, and in triple negative breast tumors, 
which are the closest to tumors arising in carriers of BRCA1 mutations. This work 
provides further evidence for the involvement of miRNAs in sporadic breast cancer 
through downregulation of BRCA1 [108].

3.6 ATM-miRNA421, miR-18a, miR-100, miR-101, miR-181

ATM is the chief transducer in the DSB signaling and mutations in this gene lead to 
a typical genomic instability disorder ataxia telangiectasia [109]. This disease also 
displays hypersensitivity to ionizing radiation, suggesting that modulation of ATM 
protein could alter cellular radiosensitivity [110, 111]. By using the target prediction 
program, miR-421 is reported to suppress ATM expression by targeting the 3′-UTR 
of ATM transcripts. Ectopic expression of miR-421 results in S-phase cell-cycle 
checkpoint changes and an increased sensitivity to ionizing radiation. This is the 
first study to show that ATM is subject to miRNA regulation and miR-421–ATM 
pathway might contribute to the DDR in a variety of cells given the broad expression 
pattern of ATM [112]. Interestingly, a squamous carcinoma cell line SKX exhibits 
a pronounced radiosensitivity after IR with enhanced levels of miR-421. Transfec-
tion of SKX cells with either anti-miR-421 inhibitor or a miRNA-insensitive ATM 
vector restores the ATM expression and abrogates the hyperradiosensitivity. This 
is the first report describing miRNA-mediated downregulation of ATM leading to 
clinically manifest tumor radiosensitivity [113].

Another miRNA, miR-18a, is found to be overexpressed in breast cancer cell 
lines and breast cancer patients’ tissue samples. The overexpression of miR-18a 
reduces HRR and sensitizes breast cancer cells to IR treatment in a similar way 
to ATM siRNA. Ectopically expressing miR-18a downregulates ATM expression 
by directly targeting the ATM–3′-UTR and abrogates the IR-induced cell-cycle ar-
rest. On the other hand, inhibition of miR-18a leads to augmentation of DNA dam-
age repair, increase of HRR efficiency and reduced cellular radiosensitivity [114]. 
This work provides a second miRNA that regulates cellular radiosensitivity through 
modulation of ATM protein level.

A low level of ATM is found in a human malignant glioma cell line with hyper-
radiosensitivity while miR-100 is highly expressed in this cell line. The 3′-UTR of 
ATM contains a binding site for miR-100. Knocking down miR-100 promotes ATM 
expression while overexpressing miR-100 reduces ATM expression and sensitizes 
these cells to IR. These results indicate that miR-100 could be another miRNA to 
target ATM and sensitize tumor cells to IR [115].

By combining the program prediction and the experiment validation, miR-101 
could efficiently target DNA-PKcs and ATM via binding to the 3′-UTR of DNA-
PKcs or ATM mRNA. Upregulating miR-101 efficiently reduced the protein levels 
of DNA-PKcs and ATM in the tumor cells and, most importantly, sensitized the 
tumor cells to radiation both in vitro and in vivo [116].

Reduced ATM expression has been found in TGF-β-induced breast cancer mam-
mospheres and this is thought to be mediated by miR-181, which is upregulated by 
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TGF-β at the posttranscriptional level. Overexpression of miR-181 or depletion of 
ATM is sufficient to induce sphere formation in breast cancer cells, suggesting that the 
miR-181–ATM pathway is involved in the TGF-β-induced cancer stem cells [117].

3.7 Rad51–miR-96

The DNA repair protein RAD51 lies in the core of HRR by promoting DNA synthesis. 
MiR-96 is reported to target RAD51 on its coding region instead of 3′-UTR. Overex-
pression of miR-96 in human cancer cells reduces the levels of RAD51, decreases the 
efficiency of homologous recombination, and enhances sensitivity to the PARP inhibi-
tor and to cisplatin. This study suggests that miR-96 can regulate chemosensitivity by 
repressing RAD51 and may serve as a therapeutic candidate to improve chemothera-
peutic efficacy by increasing the sensitivity of cancer cells to DNA damage [118].

3.8 RAD52–miR-210, 373, miR-302

Two miRNAs, miR-210 and miR-373, are upregulated in a hypoxia-inducible fac-
tor-1 alpha (HIF1α)-dependent manner in hypoxic cells. Bioinformatics analyses 
suggested that these miRs could regulate factors implicated in DNA repair pathways. 
Overexpression of miR-210 is found to suppress the levels of RAD52, which is a 
key factor in HRR; the forced expression of miR-373 leads to a reduction in the 
NER protein, RAD23B, as well as in RAD52. Consistent with these results, both 
RAD52 and RAD23B are found to be downregulated in hypoxia, but in both cases, 
the hypoxia-induced downregulation could be partially reversed by antisense inhibi-
tion of miR-210 and miR-373. Importantly, luciferase reporter assays indicate that 
miR-210 is capable of interacting with the 3′-UTR of RAD52 and that miR-373 can 
act on the 3′-UTR of RAD23B. These results indicate that hypoxia-inducible miR-
210 and miR-373 play roles in modulating the expression levels of key proteins in-
volved in the HRR and NER pathways, providing new mechanistic insight into the 
effect of hypoxia on DNA repair and genetic instability in cancer [119]. miR-302 is 
downregulated in irradiated breast cancer cells. Additionally, the expression levels of 
miR-302a are inversely correlated with those of AKT1 and RAD52, two critical regu-
lators of radioresistance. More promisingly, miR-302a sensitizes radioresistant breast 
cancer cells to radiation therapy and reduces the expression of AKT1 and RAD52. 
These data suggest that miR-302 is a potential sensitizer to radiotherapy [120].

4 miRNAs in Other DNA Damage Response Events

DNA repair is one of the most important events in DDR. There are some other events 
upstream or downstream of DNA repair, such as cell-cycle arrest to allow cells to re-
pair damaged DNA or apoptosis if the DNA damage is not able to be fixed. miRNAs 
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are reported to be involved in these events. For example, overexpression of miR-
106b promotes cell-cycle progression, whereas loss of function reverses this pheno-
type. The cyclin-dependent kinase inhibitor p21 is a direct target of miR-106b and 
the miR-106b-mediated p21 downregulation overrides a doxorubicin-induced DNA 
damage checkpoint [121]. miR-21 is induced by DNA damage, negatively regulates 
G1/S transition, and participates in DNA damage-induced G2/M checkpoint. This is 
achieved by the downregulation of CDC25A, a cell-cycle regulator. miR-21 suppress-
es CDC25A expression through a defined sequence in the 3′-UTR of CDC25A [122].

p53 plays an important role in the DNA damage-induced apoptosis. Computa-
tional predictions suggest that several miRNAs are involved in the posttranscrip-
tional regulation of p53. miR-504 downregulates human p53 through its direct 
binding to two sites in the p53 3′-UTR. Overexpression of miR-504 decreases p53 
protein levels and regulates p53 transcriptional activity, p53-mediated apoptosis, 
and cell-cycle arrest in response to stress [123]. miR-125b is another negative regu-
lator of p53 by targeting the 3′-UTR of p53 mRNA. Overexpression of miR-125b 
represses the endogenous level of p53 protein and suppresses apoptosis [124]. miR-
138 directly targets the 3′-UTR of p53, significantly decreasing the expression of 
p53 and its downstream genes. Interestingly, the ectopic expression of miR-138 
significantly improves the efficiency of induced pluripotent stem (iPS) cell genera-
tion by downregulating p53 expression [125].

There are other reported miRNAs that regulate the expression of core protein 
components of the DDR pathways, including miR-449a/b and miR-16 both target-
ing CDC25A [80, 126], miR-195 targeting Wee1 [127], miR-124a targeting CDK2 
[128], and miR-100 targeting PLK1 [129].

5 Conclusions and Future Prospective

Here, we reviewed the DNA repair mechanisms that cells have developed to process 
the different types of DNA damages and summarized the core protein components 
for these DNA repair machineries. Only a few proteins to date are known to be regu-
lated by miRNAs and no miRNAs have been reported to regulate BER and SSBR 
(Fig. 3.2). It is estimated that 20–30 % of human proteins are regulated by miRNAs. 
Therefore, we envision that there will be more proteins in the DDR pathways that 
can be regulated by miRNAs.

Defects in these DNA repairs have been shown to cause different types of cancer 
with characteristics of genomic instability. Targeting DNA repair has already been 
used to treat cancers and the miRNA-mediated negative regulation of the DNA 
repair proteins is becoming a promising strategy to overcome the resistance devel-
oped by these cancer treatments, such as radiation therapy or chemotherapy. For 
instance, overexpression of miR-155 may induce colorectal cancer by modulating 
MMR protein expression [98] and miR-421 overexpression in squamous carcinoma 
tumors leads to clinical hyperradiosensitivity by targeting ATM expression [113]. 
These studies suggest that miRNAs are attractive therapeutic candidates to improve 
cancer treatment.
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However, the challenge for using these miRNAs to treat cancers is how to deliver 
these miRNA mimics or anti-miRs specifically to tumors. Multiple technologies 
have been developed to achieve systemic delivery of miRNA mimics or anti-miRs, 
including the application of chemically modified oligonucleotides, lentiviral-based 
delivery, or nanoparticle-based delivery. However, each miRNA is known to target 
many transcripts and each target gene can be regulated by multiple miRNAs, as 
demonstrated by ATM, which can be regulated by multiple miRNAs (miR-421, miR-
18a, miR-100, miR-101, and miR-181), and miR-101 can downregulate DNA-PK in 
addition to ATM (Fig. 3.2). Therefore, the safety of using miRNA for therapy needs 
to be extensively scrutinized and evaluated in animal model before clinical trials.
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Abstract MicroRNAs (miRNAs) are small noncoding RNAs that modulate the 
expression of target mRNA. They are involved in many biological processes such 
as developmental timing, differentiation, cell death, immune response, stem cell 
behavior, and cancer. Growing evidence suggests that miRNAs play vital roles in 
regulating several aspects of stem cell biology in Drosophila including cell divi-
sion, self-renewal, and differentiation. In recent years, miRNAs have emerged as 
collaborating factors that promote the activity of oncogenes in tumor development. 
Here, we present a brief overview on the role of miRNAs in the regulation of stem 
cell behavior and tumorigenesis in Drosophila.

Keywords MicroRNA · Stem cells · Tumorigenesis · Drosophila

1 Introduction

MicroRNAs (miRNAs) are small ~ 22-nucleotide (nt)-long noncoding RNAs, 
which bind to the 3′ untranslated region (UTR) of target mRNAs to regulate gene 
expression through translational repression and mRNA degradation [1–4]. miRNA 
biogenesis is a multistep process [5, 6]. miRNAs are initially transcribed in the 
nucleus as a primary miRNA transcript (pri-mRNA) by RNA polymerase II [7], 
which are then processed into precursor miRNAs (pre-mRNAs) by a microproces-
sor  protein complex, the nuclear RNase III Drosha, and a double-stranded RNA-
binding domain (dsRBD) protein Pasha [8–13]. The pre-miRNAs are then exported 
to the cytoplasm by the guanosine triphosphate-bound Ran (RanGTP)-dependent 
transporter protein Exportin 5 [14, 15], where they are further cleaved by RNase 
III enzyme Dicer [16–18] and its dsRBD partner Loquacious (Loqs) [19] to gener-
ate ~ 22-nt-long miRNA : miRNA* duplex. Finally, the one strand of this duplex 
(miRNA) is transferred to the RNA-induced silencing complex (RISC), containing 
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Argonaute-1 (Ago-1) for targeting gene expression, and releases the other strand 
(miRNA*) that undergoes degradation [20, 21].

The first miRNA gene, lin-4, and its target lin-14 were discovered in a screening 
for genes that control developmental timing in Caenorhabditis elegans [22, 23]. 
Since then a large number of miRNAs conserved from worms to mammals have 
been identified [24–33]. Experimental studies in the past two decades have demon-
strated that miRNAs play a regulatory role in various biological processes including 
development, tissue homeostasis, cell proliferation, tissue growth, cell death, neuro-
genesis, metabolism, immunity, cell fate determination, stem cell maintenance, ag-
ing, and several diseases including cancer [4, 24, 34–45]. Dysregulation of miRNA 
pathway results in developmental defects, several human diseases, and cancer. In 
this chapter, we will mainly focus on the role of miRNAs in regulation of stem cell 
self-renewal, differentiation, and tumorigenesis in Drosophila.

2 miRNAs in Stem Cell Regulation

Stem cells play a critical role in tissue development and homeostasis. There are two 
major classes of stem cells reported, embryonic stem (ES) cells and adult stem cells 
(including somatic and germ line). Stem cells are undifferentiated cells and have 
an enormous capacity for self-renewal and differentiation to form specialized cell 
types. Stem cells follow both asymmetric and symmetric division. Asymmetric di-
vision of stem cells results in the formation of two daughter cells, one retaining the 
stem cell characteristics and other one differentiating into specialized cell types [46, 
47]. Stem cell self-renewal divisions are controlled by intrinsic and extrinsic (niche 
cells) factors [46, 47]. Failure of stem cell function of tissue maintenance results in 
degenerative diseases; on the other hand, overproliferation of stem cells results in 
tumor development and cancer [47]. Stem cells offer a great opportunity to study 
the growth and differentiation of individual cells into tissues and recent studies sug-
gest that they can be used in the treatment of degenerative diseases and cancer [47].

Studies in recent years demonstrated that miRNAs play an important role in self-
renewal and differentiation of stem cells in a variety of animal model systems [4, 
41, 48–56]. Here, we focus only on the role of miRNAs in stem cell self-renewal 
and differentiation of germ-line stem cells (GSCs) and somatic stem cells (SSCs) 
in Drosophila.

3  miRNAs in Drosophila GSCs: Self-Renewal  
and Differentiation

GSCs are a self-renewing population of germ cells that generate haploid gametes. 
In Drosophila ovary and testis, GSCs are anchored around the niche cells (hub cells 
in testis and cap cells in ovary). Several signaling pathways regulate both male and 
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female GSC systems. Recent studies demonstrated that the miRNA pathway plays a 
crucial role in the GSCs in Drosophila reproductive organs [48, 57–75] (Table 4.1).

3.1 miRNA and Female GSC

In the adult Drosophila ovary, the anterior tip of each germarium contains two 
to three GSCs, escort stem cells (ESCs), and follicle stem cells (FSCs). Each 
germarium contains five to seven nondividing somatic cap cells that physically 
anchor GSCs. Anterior to the cap cells are eight to ten terminal filament (TF) 
cells and inner germarium sheath (IGS) cells. GSC through asymmetric division 
produces a self-renewing GSC, and a differentiating cystoblast (CB) cell, which 
form an interconnected 16-cell cyst by incomplete cytokinesis. These germ cells 
become an oocyte and the nurse cells. In addition to GSCs, two to three FSCs 

Table 4.1  MicroRNA pathway and its function in Drosophila stem cells and tumorigenesis
MicroRNA pathway Function References
Stem cells
dicer-1 Reduction in germ-line cyst production and delayed 

GSC division in ovary
[57]

Maintenance of GSC and SSC population in ovary [59]
loqs GSC maintenance in ovary [48, 53]
bantam GSC maintenance and repress PGC differentiation [60, 64]

Intestinal stem cell proliferation [91]
Ago-1 GSC fate, oocyte formation, and GSC division in 

ovary
[61, 62, 66]

miR-7, miR-278 GSC division and differentiation in ovary and testis [65, 68]
Mei-P26 Restricts growth and proliferation in the ovarian stem 

cell lineage
[63, 71]

Regulates germ cell differentiation in ovary by geneti-
cally interacting with vasa

[67]

miR-184 GSC development and differentiation [69]
miR-275, miR-306 Control stem cell differentiation by regulating Bam in 

testis
[73]

miR-310/13 Regulation of germ and somatic cell differentiation in 
testis

[74]

miR-124, let-7, miR-8/
miR-200

Neuroblast stem cell division and differentiation [87–90]

Tumorigenesis
bantam Promotes growth by limiting expression of Socs36E [112]

Regulates cell proliferation, cell death, and tissue 
growth

[107, 108,  
115, 116]

miR-278 Misexpression in the developing eye causes massive 
overgrowth because of inhibition of apoptosis

[109]

miR-8/200 Growth inhibition by inducing apoptosis and blocking 
cell proliferation

[110]

miR-7 Enhances Notch pathway-induced eye overgrowth [113]
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reside in the middle of each germarium to proliferate and produce an egg chamber 
and follicle cells [76].

The role of miRNAs in Drosophila stem cells was first demonstrated using ovary 
GSC systems, where they promote cell division and maintenance of GSCs in their 
niche [48, 57–62] (Table 4.1). Hatfield et al. [57], using Drosophila ovarian GSC 
systems demonstrated that loss of dicer-1, the dsRNaseIII required for miRNA bio-
genesis, results in marked depletion of developing egg chambers because of the 
reduction in germ-line cyst production. Further, they found that reduction in cyst 
production in dicer-1 mutant GSCs was not only due to loss of GSCs or a change 
in their identity but due to a delayed G1-S-phase transition that is dependent on 
the cyclin-dependent kinase inhibitor Decapo [57]. It has been shown that normal 
processing of pre-miRNA by Dicer-1 required the dsRBD protein Loqs, which is 
further demonstrated to be involved in GSC maintenance in Drosophila ovary [48]. 
Further, it has been found that Loqs, Dicer-1, and Ago-1 intrinsically control the 
self-renewal of GSCs [53, 59]. In addition, Jin and Xie [59] found that Dicer-1 is 
also required for FSC maintenance in Drosophila ovary. Yang et al. [61, 62] found 
that overexpression of Ago-1 protein leads to GSC overproliferation; however, loss 
of Ago-1 results in loss of GSCs, which suggests that Ago-1 plays an essential and 
intrinsic role in GSC fate, oocyte formation, and GSC division [66]. Further, they 
showed that Ago-1 is not required for bag of marbles (bam) silencing and proposed 
that an Ago-1-dependent miRNA pathway may play a crucial role in repressing 
GSC/CB [61, 62]. In addition to the role of Dicer-1 in adult GSC maintenance, 
Shcherbata et al. [60] found that bantam miRNA is extrinsically required for GSC 
maintenance.

Several studies suggest that the miRNA pathway regulates GSC maintenance by 
repressing bam in Drosophila [53, 59, 61, 62]. However, the miRNA pathway that 
controls the balance between self-renewal and differentiation was not clear until 
Neumuller et al. [63] demonstrated that mei-p26, a trim-NHL protein, together with 
bam and by interacting with Ago-1 through the NHL domain inhibits miRNA ex-
pression and controls germ cell differentiation [63]. Further, they also demonstrated 
that mei-P26 regulates several miRNAs including bantam. Further, Liu et al. [67] 
have demonstrated that vasa promotes germ cell differentiation by genetically inter-
acting with Mei-P26 and activating its translation by binding directly to a (U)-rich 
motif in its 3′ UTR. Furthermore, Li et al. [71] have shown that Mei-P26 regulates 
the fates of both GSCs and their differentiating daughters by promoting bone mor-
phogenetic protein (BMP) signaling.

Yu et al. [65] reported that extrinsic signals from the insulin receptor (InR) 
pathway control Dacapo (Dap) expression through Dicer-1 to regulate GSC divi-
sion. They found that dicer-1 can directly regulate Dap levels through the dap 
3′ UTR in GSCs. Further, in a luciferase assay, they found that dap 3′ UTR is 
targeted by miR-7, miR-278, and miR-309. Among these miRNAs, they showed 
that the GSC cell cycle is regulated through dap 3′ UTR by miR-7 and miR-278. 
Furthermore, they showed that miR-7 and miR-278 and Dap-based cell cycle regu-
lation in GSCs are controlled by InR signaling [65]. Lovino et al. (69) have dem-
onstrated that miR-184 controls GSC differentiation by translational repression of 
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decapentaplegic (DPP) receptor Saxophone (Sax) protein levels. Yang et al. [61, 
62] have shown that fragile X mental retardation protein (FMRP) interacts with 
Ago-1 and bantam and is required for GSC maintenance and repressing differen-
tiation, and also needed for repressing primordial germ cell (PGC) differentiation 
and functions as an extrinsic factor for GSC maintenance in Drosophila ovary 
[64]). Recently, Wang et al. [70] provided the evidence that artificial miRNAs can 
effectively downregulate endogenous target genes (in this case, bam, mad, ote, 
and dpp) in GSCs and somatic cells in Drosophila ovary. More recently, Joly et al. 
[75] identified mei-P26 mRNA as a direct and major target of Nos/Pum/CCR4-
mediated translational repression for Drosophila female GSC self-renewal.

3.2 miRNAs and male GSC

The Drosophila testis tip harbors two types of stem cells, GSCs and SSCs. Each 
testis has six to nine GSCs, which are encysted by two SSCs [77, 78]. Both GSCs 
and SSCs are physically attached to a group of 12 nondividing somatic hub cells 
[79–82]. Each GSC divides asymmetrically to form two daughter cells, one retain-
ing GSC identity and the other one called gonialblast (GB) initiating differentiation 
[83, 84] In a similar way, SSCs self-renew and give rise to daughters that differenti-
ate into somatic cyst cells [85]. The GBs undergo four rounds of mitotic division 
with incomplete cytokinesis to form 16 interconnected spermatogonia; however, 
the SSCs will grow without further division and form a thin layer around the sper-
matogonial cyst [86]. Germ cells form spermatocytes and finally undergo meiosis 
and differentiate into sperm [82].

In addition to their role in GSC self-renewal and differentiation, miRNAs are 
also known to play a crucial role in GSC and somatic cell differentiation and GSC-
niche aging in Drosophila testis [68, 72–74] (Table 4.1). Pek and colleagues [68] 
have shown that Maelstrom (Mael) represses the expression of miR-7 that targets 
bam through its 3′ UTR. They found that overexpression of miR-7 in mael mutant 
testes leads to Bam repression, resulting in a differentiation defect. This suggests 
that Mael ensures proper differentiation of GSC lineage by repressing miR-7 [68]. 
Recently, Eun et al. [73] have shown that in the Drosophila male GSC lineage, 
bam mRNA, but not Bam, is present in spermatocytes. They found that repres-
sion of Bam accumulation is attained by miR-275 and miR-306 through the bam 
3′ UTR. Further, they found that failure to block Bam protein expression in sper-
matocytes results in spermiogenesis defects and male sterility, which suggests that 
miR-275 and miR-306 downregulate Bam expression to ensure proper spermatid 
terminal differentiation [73]. Pancratov et al. [74] in a functional screen identified 
miR-310/13 cluster ( miR-310 to miR-313) as a novel antagonist of the Wingless 
pathway that directly targets the 3′ UTR of armadillo ( arm) and pangolin ( pan). 
Interestingly, they found that the miR-310/13 mutant flies show abnormal germ and 
somatic cell differentiation in the Drosophila testis [74]. In addition to the role of 
miRNAs in male GSC and somatic cell differentiation, Toledano et al. [72] have 
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demonstrated that the IGF-II messenger RNA-binding protein (Imp) counteracts 
with Ago-2 and Dicer-2 to regulate unpaired (upd) levels and GSC maintenance. 
Further, they found that Imp expression decreases in the hub cells of aged males 
because of the targeting of Imp by let-7, which suggests that proper expression of 
Imp is essential to protecting upd mRNA from degradation [72].

4 miRNAs in Drosophila SSCs

In the past few years, miRNAs have emerged as a major player in stem cell regu-
lation in Drosophila GSC systems with only very rare reports have described its 
function in other characterized Drosophila stem cell (neuroblast, intestinal and he-
matopoietic) systems. There are few reports that demonstrated the role of miRNAs 
in regulation of Drosophila neuroblast stem cells; these include miR-124 [87, 88], 
let-7 [89], and miR-8/miR-200 [90]. Recently, Huang et al. [91] showed that bantam 
miRNA, which is highly expressed in Drosophila intestinal precursor cells (intes-
tinal stem cells (ISCs), enteroblast (EB) cells) and enteroendocrine (ee) cells and 
weakly expressed in enterocytes (ECs), is essential for Drosophila ISC proliferation 
in response to the Hippo (hpo) signaling pathway. Tokusumi et al. [92] have shown 
that the germ-line differentiation factor Bam and miR-7 antagonize the differentia-
tion-promoting function of Yan to maintain the stem-like hematopoietic progenitor 
state during hematopoiesis in Drosophila.

5 miRNAs in Tumorigenesis in Drosophila

Emerging evidence suggests that dysfunction of miRNAs is correlated with various 
human diseases including cancer. It is known that cancer is the result of genetic 
alternations in oncogenes and tumor suppressors [93, 94]. Recent studies demon-
strated that miRNAs are also involved in tumor formation and function as tumor 
suppressors or oncogenes by modulating the activity of evolutionarily conserved 
signaling pathways, which are usually dysregulated in human cancers [94–98]. It is 
also suggested that miRNAs may promote tumorigenesis by regulating the expres-
sion of some very important class of genes involved in tumor cell proliferation and 
apoptosis [99]. Kumar et al. [100] demonstrated that repressing the miRNA matura-
tion by blocking the miRNA biogenesis components, particularly in cancer cells, 
can promote cell growth, transformation, and tumorigenesis.

Because more than 68 % of the genes involved in human cancer are conserved 
in Drosophila [101, 102], it has become a useful model organism to study cancer 
research [103–106]. Several key cancer events such as loss of cell polarity, the 
competition between tumor and normal cells, and metastasis have been demon-
strated using Drosophila as a model system in the recent years. In the past few 
years, several miRNA pathways have been identified to regulate the tissue growth, 
cell proliferation, tumorigenesis, and metastasis in the Drosophila tumor model 
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[107–114]. Several studies demonstrated that bantam miRNA interacts with Hippo, 
and epidermal growth factor receptor (EGFR) pathways to control tissue growth, 
cell proliferation, and tumorigenesis [108, 111, 112, 114–116]. Herranz et al. [112] 
identified growth regulatory miRNA bantam and its target, Suppressor of cytokine 
signaling at 36E (Socs36E), a negative regulator of the Janus kinase/signal trans-
ducers and activators of transcription (JAK-STAT) signaling pathway, as cooperat-
ing factors in EGFR-driven tumorigenesis and metastasis in a Drosophila model 
for epithelial-to-mensenchymal transformation (EMT). In a misexpression study, 
it has been found that Drosophila miR-278/mirvana in the developing eye causes 
massive overgrowth, which is partly because of the inhibition of apoptosis [109]. In 
an overexpression screen, Vallejo et al. [110] identified Drosophila miR-8 as a po-
tent inhibitor of Notch-induced overgrowth and tumor metastasis. They found that 
 miR-8 could repress growth by inducing apoptosis and blocking cell proliferation 
via repressing serrate ( Ser), a notch ligand. In a recent study, Da Ros et al. [113] 
identified the conserved miRNA miR-7 that enhances Notch pathway-induced eye 
overgrowth in Drosophila. They found that the interference hedgehog (ihog) gene 
is the functional target of miR-7 in Notch-mediated tumorigenesis. Further, they 
found that miR-7 and Notch pathway cooperatively dampen hedgehog (Hh) signal-
ing through downregulation of its receptors ihog and brother of ihog (boi). Their 
study suggests that the genetic cooperation of miR-7, Notch, and Hh is probably 
participating in the development of certain human tumors [113].

6 Conclusion

miRNAs are the key regulatory molecules in several biological processes. miRNAs 
play crucial roles in the self-renewal and differentiation of stem cells. miRNAs func-
tion as oncogenes or tumor suppressors. Abnormal expression of miRNAs results in 
developmental defects, loss of tissue homeostasis, and tumorigenesis. Drosophila pro-
vides an ideal model system to study stem cell regulation and tumor formation. Since 
miRNAs regulate stem cells, tumor-initiating cells, tumor growth, and metastasis, 
they have an enormous potential to be used as therapeutic targets for human cancers.
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Abstract Cancer is currently a leading cause of death worldwide, taking millions of 
lives yearly. Estimates indicate that this tragic trend will continue and even increase 
over time (GLOBOCAN 2008 v2.0, http://globocan.iarc.fr). Currently, lung, 
liver, colon, and breast cancers are responsible for the majority of cancer deaths  
(Int J Cancer 132:1133–1145, 2013) and so a concerted effort is being made to find 
the mechanisms underlying carcinogenesis, disease progression, and chemothera-
peutic resistance in order to uncover novel pathways that may be targeted by anti-
cancer therapies. Evidence increasingly supports the hypothesis that cancers arise 
from stem cells as much as healthy tissues do. However, cancer stem cells are able 
to evade the growth programs imposed on normal stem cells, leading to disease. 
Specifically targeting cancer stem cells might prove to be an effective therapeutic 
strategy since this would eliminate the source of new cancer cells. Unfortunately, 
cancer stem cells are able to enter a dormant state in which they are resistant to stan-
dard therapies. Recent findings have indicated that microRNAs are critical regula-
tors of many aspects of stem cell biology including entry and maintenance of the 
dormant state. Here, we discuss evidence supporting the cancer stem cell theory 
and how targeting of microRNA-dependent pathways might be used to coax cancer 
stem cells out of dormancy and into the path of chemotherapeutics.

Keywords Stem cell · Cancer stem cell · MicroRNA · Breast cancer · Bone marrow ·  
Dormancy · Connexins · Stroma · Metastasis

1 Introduction

The long-term goal for any cancer treatment strategy, after elimination of the prima-
ry tumor mass, is to eradicate the dormant cancer cells in the primary and secondary 
sites. This is paramount for the eradication of cancer because the dormant cancer 
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cells may eventually exit the quiescence phase and give rise to new tumors, lead-
ing to relapse and recurrence. In the case of breast cancer (BC), the bone marrow 
appears to be the site of dormancy. There has been an intensive research effort di-
rected toward understanding the molecular mechanisms underlying dormancy and 
applying the findings to reverse dormancy through targeted treatment. Dormancy is 
a state in which cells are fully transformed yet bear some non-tumorigenic proper-
ties conferring resistance to anticancer agents. Clinical dormancy has been defined 
as the time (5–25 yrs) between removing the primary tumor and relapse [3]. This 
chapter adds to this definition by including the existence of dormant cancer cells in 
the primary and distant sites long before clinical detection of the tumor [4].

BC remains a clinical challenge despite education and aggressive intervention 
[5]. Mammograms with human compliance have led to early detection and improve-
ment in overall survival [6]. This discussion will focus on dormancy of BC cells in 
the bone marrow and discuss the role of microRNAs (miRNAs) in maintaining dor-
mancy. The bone marrow was found to be a source of BC-initiating cells, or cancer 
stem cells (CSCs), in several cases of cancer resurgence [7, 8]. This chapter will 
refer to tumor-initiating cells as CSCs. Micrometastasis of BC to the bone marrow 
results in poor prognosis. This type of metastasis is perhaps worse than metastasis to 
sentinel lymph nodes [9–11]. BC cells in bone marrow interact with the supporting 
stromal cells located close to the endosteum to facilitate the cancer cells’ ability to 
maintain pluripotency and to retain quiescence [12–16].

The mechanisms by which stroma facilitates the existence of the BC stem cells 
remain a subject of research. However, the experimental evidence provides insights 
into the mechanisms. The cycling quiescence of BC cells can be partly explained 
by the changes in cytokine production and their formation of gap junctional inter-
cellular communication (GJIC) between cancer cells and stroma [14, 17, 18]. miR-
NAs can be exchanged between the cancer cells and stroma through gap junctions 
[17, 18]. Included among the transferred material, which passes from stroma to the 
cancer cells, are miRNAs that target CXCL12, to induce quiescence [19]. We have 
reported on a working hierarchy of BC cells and have identified the stem cell subset 
as those that form GJIC with stroma [19].

The bone marrow has been identified as a source of CSCs in a significant number 
of BC recurrences [8, 20, 21]. Resurgence of cancer can occur with cells from the 
bone marrow even after 15 yrs of remission [7]. This not only strongly supports the 
bone marrow as the “home” for dormant CSCs but also raises questions on how 
these CSCs are able to survive in bone marrow for such long periods without inter-
rupting normal hematopoietic activity [18]. A better understanding of how CSCs 
survive in bone marrow and other organs might lead to more effective therapeutics 
which target dormant cancer cells within the bone marrow without toxicity to the 
hematopoietic system [22–27]. Bone marrow stroma is also relevant to bone me-
tastasis due to the cells’ role in facilitating bone invasion of the cancer cells [16].

The significance of understanding how CSCs exist in bone marrow is under-
scored by past clinical failures of autologous bone marrow transplantation for BC 
patients. The transplantation protocol entailed temporary removal of hematopoietic 
stem cells (HSCs) and their progenitors from the bone marrow of BC patients for 
high doses of chemotherapy to eradicate cancer cells. After this, the patients were 
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reinfused with the autologous bone marrow cells. The method resulted in poor out-
come, indicating that the cancer cells survived the high-dose chemotherapy. The 
current literature explains this failure at least partly, by showing GJIC between the 
cancer cells and stroma, and chemoresistance of BC stem cells [14, 19].

The relationship between BC stem cells and bone marrow could be extrapolated 
to other organs, including circulating CSCs in the blood. Cells with properties simi-
lar to BC stem cells have been identified in the blood of BC patients [19, 28]. Since 
CSCs are expected at low frequency, the functions of these cells, in vivo, will be 
technically challenging for live imaging in animal models [29]. Research studies 
going forward will need to use innovative methods to dissect the complex processes 
involved in the quiescence of CSCs in the bone marrow and other organs.

2 Stem Cells: Overview

2.1 Discovery of Stem Cells

The concept of stem cells was first reported in the nineteenth century as certain 
tissues were found to have different regenerative properties along with the discov-
ery of cells with self-renewal ability [30]. As studies moved along in the 1950s,  
Dr. Ernest A. McCulloch and Dr. James Till introduced the idea of colony-forming 
units (CFUs). The CFUs were shown to form colonies on the spleen of irradiated 
mice and contained cells from the hematopoietic lineage, thus demonstrating the 
existence of self-renewing multipotent blood cells [31]. These CFUs have since 
come to be known as HSCs and are the most characterized adult stem cells [32].

2.2 Defining Stem Cells

Since their discovery, the definition of what constitutes a stem cell has been the 
subject of intense investigation. In general, stem cells are defined as undifferenti-
ated cells with the ability to self-renew and differentiate into cells of one or more 
specific cell type [33]. This creates a population of long-lasting cells that have slow-
cycling rates and self-renewal abilities which allow the stem cells to maintain their 
population while assisting in tissue renewal and regeneration [34]. Therefore, any 
dysfunction or dysregulation in a stem cell can cause issues in all of the differenti-
ated cells derived from that stem cell [35].

2.3 Sources of Stem Cells

There are several types of stem cells. Embryonic stem cells (ESCs) are derived 
from the inner cell mass (ICM) of the blastocyst of fertilized oocytes. ESCs were 
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originally found through studies on embryonic carcinoma (EC) cells derived from 
teratocarcinoma, which showed stem-likeness and were highly pluripotent [36]. 
Adult stem cells are found throughout the human body in stem cell-specific niches 
and include HSCs and mesenchymal stem cells (MSCs) [37]. Induced pluripotent 
stem cells (iPSCs) are differentiated cells that have been dedifferentiated into stem-
like cells. In 2006, Kazutoshi Takahashi and Shinya Yamanaka dedifferentiated 
murine fibroblasts into stem cells in vitro by co-overexpressing the transcription 
factors Oct3/4, Sox2, c-Myc, and Klf4 in murine fibroblasts isolated from adult mice 
[37]. The efficiency of this procedure, however, is very low and the reason for this 
is still under investigation.

2.4 Niche in Stem Cell Regulation

Stem cells reside in a niche, a region that supplies the stem cells with factors that 
dictate self-renewal, homing, division, and cell-survival [34, 38]. Within this mi-
croenvironment, stem cells receive signals from neighboring differentiated cells 
via intercellular interactions and cell signaling [39]. The signals help to maintain 
homeostasis and react to the need for tissue regeneration [40]. Protein secretions or 
cytokines help maintain the stem cell niche, but a disruption in their production or 
activity can lead to malignancies [41]. For example, Wnt proteins are intercellular 
signaling molecules that have been found in the bone marrow, a niche for HSCs, 
and when dysregulated can cause cancer [35, 41].

2.5 Self-Renewal and Differentiation of Stem Cells

By definition, stem cells have the ability to self-renew and produce differentiated 
cells. In order to do this, stem cells use asymmetric or symmetric division. The 
former method produces one daughter cell that is an exact copy of itself and one 
differentiated daughter cell [42]. This prevents depletion of the initial stem cell 
population over time as differentiated cells are produced for tissue repair and re-
newal. In case the stem cell population is diminished, stem cells are also able to 
use symmetric division in order to expand the number of stem cells in a population 
[42]. The decision to enter asymmetric or symmetric division is determined through 
communication with developmental and environmental signals in the niche [42].

2.6 Stem Cell Quiescence

The ability for stem cells to be quiescent and to reenter the cell cycle is very impor-
tant to the survival of organisms. Twenty billion cells are lost daily in the human 
body and stem cells are responsible for their replacement. During pregnancy, the 
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female body has to form extensive glands and branches and undergo differentiation 
of cells to accommodate milk production [38]. At times of injury, the body has an 
increased need for tissue regeneration. All of these needs cause an increased de-
mand on the stem cells. Adult stem cells are usually found in a quiescent state, but 
both active and quiescent states have been found to coexist [34]. While in a quies-
cent state, stem cells are slow cycling and therefore experience less exhaustion [34, 
43]. This creates a subpopulation that is available to replace and take some of the 
burden from the actively cycling stem cell population [34].

3 Cancer Stem Cell

3.1 The CSC hypothesis

The idea that tumor biology and stem cell biology are linked was proposed many 
decades ago, but the first definitive evidence of a stem cell basis for malignancy 
emerged only in the late twentieth century. In 1994 and 1997, the group of John 
Dick analyzed leukemic cells and demonstrated a hierarchical organization of these 
cells [44, 45]. This group demonstrated that the hematopoietic stem cell (HSC), a 
multipotent stem cell that gives rise to all lineages of the blood, was the target of 
transformation. The leukemic stem cell was shown to initiate acute myeloid leuke-
mia in immune-deficient mice, and evidence of the in vivo repopulation ability of 
this cell spurred numerous investigations into the stem cell basis for other types of 
cancers [45].

The cancer stem cell (CSC) hypothesis holds that only a small subset of cells 
within every tumor harbors tumor-initiating properties [46]. The theory postulates 
that tumors are composed of heterogeneous populations of cells, and only the stem-
like subset can give rise to all other components of the tumor. The stem-like cells 
drive initial tumor formation, maintenance, metastasis, and relapse after years of 
disease-free survival [47]. The bulk of the tumor is composed of differentiated cells 
with no self-renewal ability. Clinically, tumor-initiating cells are chemoresistant and 
radioresistant due to their slow-cycling ability and their drug-efflux properties [46]. 
The mechanisms of chemoresistance include expression of adenosine triphosphate 
(ATP)-binding cassette transporters, which allow for active export of toxic agents, 
and aldehyde dehydrogenase 1 (ALDH1), which is a detoxifying enzyme typically 
expressed in HSCs [48]. A formal definition of a CSC has not been established but 
functionally includes (1) the ability to undergo limitless self-renewal, (2) the ability 
to demonstrate multi-lineage differentiation, and (3) the ability to repopulate all cel-
lular components of a tumor [49]. Although much has been discovered about unique 
genetic and molecular properties of CSCs of various tissues, complete characteriza-
tion has been difficult to achieve due to the high degree of heterogeneity [50].

The CSC theory has largely replaced the stochastic or clonal selection model for 
cancer, which holds that all cells within a tumor can equally initiate and maintain 
tumors upon acquisition of mutations [48]. As evidence of the CSC theory surpasses 
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evidence for the stochastic model, investigations are beginning to focus on how the 
primitive subset of cells can be targeted. However, even within the CSC population, 
molecular heterogeneity exists [51]. Due to the high level of heterogeneity both 
between different tumors and among cells of the same tumor, the origins of CSCs 
remain unclear. Some groups postulate that these cells arise from resident stem 
cells and undergo dysregulation of self-renewal mechanisms, while other groups 
postulate that the cells arise from terminally differentiated malignant cells that un-
dergo dedifferentiation programs, thereby acquiring self-renewal ability [52–54]. 
One cannot exclude the possibility that a transient-amplifying cell or a progenitor 
is the cell of origin [53, 54]. A final possibility is that transdifferentiation of bone 
marrow cells may lead to genesis of cancerous cells, a phenomenon that has been 
demonstrated in hepatocellular carcinoma [54] (Fig. 5.1). By identifying the cell of 
origin for each tissue-specific CSC, one may be able to focus investigations on this 
cell type and develop targeted therapies.

3.2 Emerging Evidence on the CSC Hypothesis

Since the identification of leukemic stem cells in the 1990s, the stem cell theory on 
cancer has been shown to involve many tissue types and many stem cell signaling 

? ? 

? ? 

Fig. 5.1  The elusive origin of the cancer stem cell. Much controversy exists over the origin of 
the cancer stem cell. It is unknown whether these cells arise from dedifferentiation of terminally 
differentiated cells ( top left), normal resident tissue stem cells that have acquired mutations that 
lead to dysregulation of self-renewal ( top right), dedifferentiation of transient-amplifying cells or 
progenitors ( bottom left), or transdifferentiation from bone marrow cells ( bottom right) [52–54]
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pathways. In prostate cancer, for example, tumors in which the ESC transcription 
factor Sox2 is misregulated have been shown to have worse prognosis [55]. Inter-
action between androgen receptor signaling and Sox2 signaling contributes to cas-
tration-resistant prostate cancer [55]. In glioma, malignant astrocytes are thought 
to originate from neural stem cells or progenitors [53]. CD133, a HSC marker, has 
been suggested to be a marker for glioma stem cells [56]. To date, cancers of nearly 
every tissue type have shown a stem cell basis for malignancy. Signaling path-
ways that are common to stem cells, such as Notch, Wnt, and Hedgehog, have been 
shown to be instrumental in maintaining the viability of cancer cells [57].

In 2003, studies on the cellular heterogeneity of BC cells led to identification of a 
putative population of tumor-initiating cells in the breast [58]. A small subset of hu-
man BC cells obtained from primary sites and malignant pleural effusions was able 
to form new tumors in immune-deficient mice. Importantly, these cells could be 
serially passaged, suggesting a capacity for self-renewal. The phenotype was identi-
fied as CD44+/CD24‒/low/lin‒. A minimum tumor burden of 100 cells of the CD44+/
CD24‒/low/lin‒ phenotype was able to initiate tumors, compared to the requirement 
of thousands of heterogeneous cells to initiate tumors [58]. For many years, the 
CD44+/CD24‒/low/lin‒ phenotype was accepted as the best BC stem cell marker, but 
recent investigations have revealed that Oct4 may more reliably indicate stem cell 
properties [59].

3.3 Targeted Therapy for Stem-Like Cancer Cells

As information on tumor-initiating cells unravels, novel phenotypic markers are 
being identified. Cell surface markers appear to be the most readily targetable and 
have therefore received the most attention. For example, anti-CD44 therapy has re-
ceived attention recently due to the role of CD44 in cell migration and proliferation 
as well as the identification of CD44 as a putative marker of CSCs [58, 60]. CD44 
has also been associated with cisplatin resistance in head and neck squamous cell 
carcinoma [60]. Signaling via CD44 has been shown to activate epidermal growth 
factor receptor (EGFR) signaling, and inhibition of this process can result in reduc-
tion in tumor growth [60]. EGFR disruption has been shown to chemosensitize 
stem cells from leiomyosarcoma [47]. As another example, melanoma stem cells 
have been shown to be CD271+, and targeting this phenotype may deplete the stem 
cell population [61]. Continued identification of phenotypic markers is extremely 
useful for development of targeted therapy, since the majority of successful targeted 
therapy is based on depletion of cell populations expressing particular markers.

Aside from targeting cell surface markers, kinase inhibitors have also been evalu-
ated for their ability to eliminate CSCs. Sorafenib, a multi-kinase inhibitor used in 
the treatment of renal cell carcinoma and hepatocellular carcinoma, has been shown 
to target glioma stem cells via induction of apoptosis and depletion of survival factors 
[62]. Sorafenib has been shown to inhibit tumorigenic potential in vivo via downreg-
ulation of key stem cell molecules, including nestin and Sox2 [62]. These findings 

5 MicroRNAs in Stem Cells and Cancer Stem Cells



88

are highly important clinically because the current therapy for glioma frequently tar-
gets the bulk of tumor cells while enriching the population of chemoresistant cells. 
Combination therapy employing sorafenib and temozolomide, for example, may be 
beneficial for optimal therapy. Perifosine, an inhibitor of Akt or protein kinase B, 
works synergistically with tumor necrosis factor-related apoptosis-inducing ligand 
(TRAIL) to induce apoptosis in myelogenous leukemia cells [63].

In addition to cell surface markers, cytokine networks are instrumental in main-
taining the CSC population. In glioma stem cells, for example, inhibition of JAK2/
STAT3 signaling can reduce tumor viability [51]. In BC, coculture experiments 
with MSCs have revealed that IL-6 and CXCL7 mediate bidirectional cross talk 
between BC cells and MSCs [57]. Targeting cytokine networks may disrupt com-
munication between CSCs and components of their microenvironment, allowing for 
eradication of tumors.

Differentiation therapy is another modality of treatment that has been proposed 
for elimination of tumor-initiating cells. Since their primitive nature appears to 
drive tumor growth, promoting terminal differentiation of these cells may hamper 
their self-renewal capacity. The prospect of differentiation therapy arose from the 
use of all-trans retinoic acid for acute promyelocytic leukemia [64]. Inhibition of 
cyclin-dependent kinase 4 (CDK4) has been shown to favor differentiation of BC 
cells [65]. Although numerous mechanisms underlying CSC biology are known, 
much remains to be discovered about the behavior of these cells in order to achieve 
successful therapy in the clinic.

4 MicroRNA

Twenty years ago, the first miRNA was discovered when the lin-4 miRNA was 
found to repress translation of the lin-14 gene, controlling postembryonic cell lin-
eage patterning in Caenorhabditis elegans [66]. Seven years passed before another 
miRNA was described, but the pace of discovery has been rapid since, with more 
than 3,000 miRNAs discovered between mouse and human and more than 21,000 
entries in the miRBase database [67, 68]. miRNAs are 19–23-nucleotide-long, non-
coding RNAs [69]. The primary miRNA is processed by the ribonuclease Drosha to 
generate precursor miRNAs (pre-miRs) [69]. The pre-miRs are then processed by 
Dicer to generate mature single-stranded miRNAs, which associate with the RNA-
induced silencing complex (RISC) complex for loading onto the 3′ untranslated re-
gion (UTR) of mRNAs to repress translation [69, 70]. Specificity of mRNA target-
ing is achieved through complementary interactions between a short seed sequence 
located between nucleotides 2 and 8 of the 5′ end of the miRNA and sequences 
within the 3′ UTR of the targeted mRNA.

miRNAs have been broadly implicated in the regulation of diverse biological 
processes including development, aging, tissue homeostasis, and carcinogenesis 
as well as cardiovascular, neurological, and metabolic diseases [71]. Important-
ly, miRNAs are expressed in a tissue-specific manner in mouse and human [72]. 
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Furthermore, some miRNAs are associated with specific cell states from pluripo-
tency [73] to senescence and aging, suggesting that miRNA-targeting drugs may 
also function in a tissue-specific and state-specific manner [71].

5 Connexins

Cells constantly communicate with surrounding tissues and the local microenviron-
ment for coordinated function within multicellular organisms. Breakdown of this 
back-and-forth communication can lead to many diseases including cancer. Direct 
intercellular communication between adjacent cells can occur through gap junc-
tions, which connects the cytoplasm of the cells. This process is also known as “gap 
junctional intercellular communication.” These small open channels allow for free 
exchange of inorganic ions such as Na+, K+, Ca2+, as well as molecules of size rang-
ing between 1 and 2 kDa such as cyclic adenosine monophosphate (cAMP), IP3, 
and miRNA, between connected cells.

Connexins (Cx) are the major structural component of gap junction channels. 
The Cxs comprise a large family of four-pass transmembrane proteins [74]. In hu-
mans and mice, 21 and 20 Cx genes have been identified, respectively [75–77]. 
Most commonly, Cxs are named by their molecular weight in kDa. For example, 
Cx isoforms include Cx26, Cx30, Cx32, Cx37, Cx43, Cx45, and Cx47. Interest-
ingly, these isoforms are differentially expressed. The Cxs usually oligomerize as 
they move from the endoplasmic reticulum (ER) to the trans Golgi apparatus [78], 
although in some cases monomeric units may be retained in the trans Golgi region 
[79]. Cx26 is an exception to this as it is directly expressed on the plasma membrane 
without crossing the Golgi apparatus [80–82]. Cxs have a conserved amino-terminal 
domain and two extracellular loops (EL-1 and EL-2) along with highly divergent 
carboxy-terminal domains and three cytoplasmic loops [83, 84]. They form gap 
junctions through connection of hexameric hemichannel/connexons via extracellu-
lar loops which extend outward from each of the cells being connected [74, 83]. The 
hemichannels can be either homotypic (identical Cxs) or heterotypic (nonidentical 
Cxs) with different properties. The half-life of Cxs is only a few hours, making Cx 
formation and degradation a dynamic process. Interestingly, Cx regulation has been 
found to be altered during tumor growth and metastasis.

The process known as epithelial–mesenchymal transition (EMT) results in in-
vasive and metastatic cancer by allowing cells to migrate from the primary tumor 
site to other organs in the body. Bone marrow has been shown to be a site where 
BC cells can migrate and survive primary treatment and also hide from the im-
mune response [85]. It is thought that entry into quiescence is a major mechanism 
which allows these cells to escape death since many therapies target dividing cells. 
Formation of gap junctions in bone marrow through pairing of the BC connexins 
Cx26, Cx32, and Cx43 with Cx43/Cx32 on stroma promotes entry into quiescence 
by allowing GJIC with local stromal cells [19, 77, 80, 86–90]. Transfer of miRNAs 
through the GJIC is integral to this process [17].
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During pregnancy, the expression level of Cx26 (gap junction beta 2 (GJB2)) 
increases and is at its peak during the lactation period in mammary glands. Cx26 
may be involved in differentiation of the mammary gland as it is present in non-
pregnant women [91, 92]. Earlier, Cx26 was thought to be a tumor suppressor 
and recent reports support such a role [93]. Methylation of cytosines within pro-
moter CpGs has been shown to silence gene expression of tumor suppressors in 
some cancers [94, 95]. In BC, differential CpG methylation was observed at many 
locations, including frequent methylation of Sp1 transcription factor-binding 
sites important for Cx26 gene expression, resulting in reduced Cx26 expression. 
This indicates that Cx26 is indeed a tumor suppressor when active and is usu-
ally downregulated in invasive BC cells. The miRNA Cx32 (GJB1), however, is 
highly expressed in the lactating mammary gland (basolateral region of luminal 
cells), but is not detectable in noncancerous human breast tissue. Interestingly, it 
is expressed in the BC cell line MDA-MB-435, suggesting that it may act as an 
oncogene [90, 91, 96–98].

Cx43 (GJA1) is widely expressed and can be activated by kinases like protein 
kinase A (PKA), protein kinase C (PKC), p34cdc2 (p34cdc2/cyclin B kinase), protein 
kinase CK1, mitogen-activated protein kinase (MAPK), and Src (pp60Src kinase) 
[99–121]. They phosphorylate Cx43, opening and activating Cx43-containing gap 
junctions. Cx43 is important in growth and differentiation of myoepithelial cells in 
the mammary gland and is important for lactation [122]. By facilitating formation 
of GJIC, Cx43 can also promote metastasis in a process called “homing” through 
which mobile cancer cells increase their ability to adhere to tissues and form sec-
ondary tumors. Accordingly, Cx43 has been shown to be upregulated along contact 
sites between tumor cells and endothelial cells [123]. BC cells with increased Cx43 
expression tend to metastasize to the brain (124). Interestingly, CXCL12 can acti-
vate PKC in BC cells, leading to phosphorylation and activation of Cx43, opening 
the gap junction and promoting GJIC after adhesion [59].

According to recent findings, the expression of different miRNAs can control 
gap junction formation by regulating translation of Cx transcripts. For example, 
miR-1/206 can inhibit translation of Cx 43, thereby regulating gap junction forma-
tion and altering GJIC [125]. Recently, in glioblastoma cells, miR 221/222 has been 
found to downregulate expression of Cx43, leading to suppression of cell prolifera-
tion and invasion [126]. These observations suggest that miRNAs play an important 
role in cancer progression through regulation of Cxs and GJIC.

Cxs are associated with various other proteins such as tight and adherent junc-
tional proteins, phosphatase, kinases, and cytoskeletal proteins. Cxs can also in-
teract with microtubules to transport the newly formed Cx proteins from ER to 
plasma membrane, where the interaction with the actin cytoskeleton stabilizes 
the gap junction [75]. The permeability of tight junctions is also regulated by 
Cxs. To some extent, the interaction between the adherens and Cx regulates cell 
proliferation and growth. Since N-cadherin and β-catenin also assemble in ER 
and Golgi apparatus, there is evidence that they regulate the expression of Cxs 
such as Cx43 [122]. Hence, these Cxs might prove to be good targets for therapy 
in the future.
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6 Stromal Cell-Derived Factor 1/CXCL12

6.1 Overview

Stromal cell-derived factor 1 (SDF-1), also known as CXCL12, is a chemokine 
ligand of the CXC family that binds to the seven-transmembrane G protein-coupled 
receptor CXCR4 [127]. CXCL12 is one of the major players in leukocyte and stem 
cell trafficking through interaction with CXCR4 [128]. It also plays critical roles 
in hematopoiesis and angiogenesis [129]. CXCR4 expression on HSCs allows for 
stem cell homing to the bone marrow, which is a major source of CXCL12. CXCR4 
is expressed on hematopoietic cells of varying stages of differentiation, including 
long- and short-term repopulating stem cells as well as hematopoietic progenitor 
cells [130]. Thus, the interaction between CXCL12 and CXCR4 is vital to mainte-
nance of the hematopoietic niche [131]. CXCL12 is also expressed in the endothe-
lial niche and osteoblastic niche [130].

Recent studies have revealed that CXCR7, a G protein-independent receptor, is 
another receptor that binds CXCL12. CXCR4 and CXCR7 jointly form a functional 
receptor complex [132, 133]. Upon ligand binding, CXCL12 can lead to activa-
tion of intracellular signal transduction pathways such as Erk1/2 and Akt [133]. 
The pathways may explain the ability of CXCL12 to induce proliferation of cells 
to which the chemokine binds. Regulation of CXCL12 occurs through multiple 
mechanisms, including cross talk with tackykinins and cleavage by matrix metal-
loproteases (MMPs) [134]. MMP-8 proteolytically cleaves CXCL12, a process that 
inhibits HSC and progenitor cell migration [128].

6.2 Emerging Role of CXCL12 in Cancer Biology

The CXCL12–CXCR4 axis has been strongly implicated in tumorigenesis [127, 
133]. Many transformed cells express high levels of CXCR4, permitting chemotaxis 
and therefore establishment of sites of metastasis in tissues that express high levels 
of CXCL12. For example, BC cells express CXCR4 and preferentially migrate to 
the bone marrow, where CXCL12 is abundant. Other distant metastatic sites, such 
as the liver and lung, have been shown to have high CXCL12 levels, facilitating the 
migration of cancer cells into these tissues. Upon hijacking the CXCL12–CXCR4 
axis to metastasize to distant sites, cancer cells can establish unique niches within 
the target microenvironment that allow for them to survive and flourish. For these 
reasons, pharmacological targeting of the CXCL12–CXCR4 interaction has become 
an area of high interest. Blockade of this interaction using AMD3100 can uncouple 
stromal–epithelial interactions [135]. Plerixafor, another CXCL12–CXCR4 antago-
nist that transiently and reversibly interferes with the interaction, has been used in 
the clinic for HSC mobilization. This therapy has a similar effect as granulocyte col-
ony-stimulating factor (G-CSF), which is used for stem cell mobilization for bone 
marrow transplantation. These agents act in synergy to induce mobilization [136].
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In addition to the chemotactic function of CXCL12, CXCL12 binding to CXCR4 
transduces signaling via Erk1/2 and Akt pathways [127, 133]. These signaling path-
ways contribute to dysregulated cell cycle control and tumor cell proliferation. 
Thus, the dynamic role of CXCL12 in both chemotaxis and proliferation makes this 
signaling axis an important therapeutic target.

6.3 CXCL12–CXCR4 Signaling Loops in Cancer

In recent years, the role of CXCL12 in cancer progression has become clearer. 
CXCL12 is involved in the interaction not only between cancer cells and sur-
rounding stroma but also within a single cancer cell itself. Thus, besides the role 
of CXCL12 in chemotaxis of cancer cells to target organs, paracrine and autocrine 
signaling loops drive cancer progression and dormancy. One example of the para-
crine effect of CXCL12 in cancer was demonstrated upon studying cellular interac-
tions between BC cells and MSCs. Tumor-conditioned media from BC cells can 
induce MSCs to adopt a carcinoma-associated fibroblast-like phenotype and release 
CXCL12 [137]. Carcinoma-associated fibroblasts, in turn, promote tumor growth 
via secretion of CXCL12 [137].

In addition to the paracrine influence of CXCL12 in cancer, an autocrine sig-
naling loop allows cancer cells to acquire an invasive phenotype and proliferate 
[127]. Many BC cell lines, such as MDA-MB-231, express CXCR4, and some 
cell lines also express CXCL12 [129]. When CXCL12(-) MDA-MB-231 cells 
are experimentally manipulated to express CXCL12, they demonstrate increased 
migratory and invasive capability [129]. In lung cancer cells, CXCL12–CXCR4 
autocrine signaling increased the ability of the cells to invade via upregulation of 
MMP-2 and MMP-9 [127]. These autocrine loops also promote increased prolif-
eration of lung cancer cells [127]. These mechanistic studies point to the critical 
role of CXCL12 in initially supporting cancer invasion into distant sites of metas-
tasis and then supporting growth of the tumor [127]. Finally, in oral squamous cell 
carcinoma, the autocrine signaling loop promotes anchorage-independent growth 
and motility. Squamous cells expressing CXCL12 had increased metastatic po-
tential and resulted in decreased survival [138]. Importantly, CXCR4 inhibitor 
AMD3100/Plerixafor abrogated this effect [138]. An autocrine signaling phenom-
enon has also been shown in Ewing’s sarcoma. Ewing’s sarcoma cells express both 
CXCR4 and CXCL12, and CXCR4 expression is positively associated with tumor 
size [139]. CXCL12 promotes proliferation of sarcoma cells via interaction with 
CXCR4 [139]. This mechanism may rely on Erk1/2 and/or Akt pathways, since 
these pathways are involved in cell proliferation.

Aside from the well-established role of CXCR4 in cancer biology, there is in-
creasing evidence of the role of the CXCL12–CXCR7 axis in cancer. CXCR7 has 
been shown to be expressed in a variety of neural tumors, including neurilemmomas 
and meningiomas [140]. The role of CXCR7 in the context of CXCL12 signaling 
remains to be further explored.
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6.4 CXCL12 in Tumor Dormancy: Pharmacological Targeting

The specific mechanisms of how CXCL12 is involved in BC progression are becom-
ing clearer. Bone marrow stromal cells have been shown to transmit CXCL12-specific 
miRNAs through gap junctions into BC cells [17]. Posttranscriptional suppression of 
CXCL12 in BC cells by stromal-derived miRNAs allows BC cells to enter G0 phase 
of the cell cycle and maintain dormancy [17]. The interaction between CXCL12 and 
gap junctions was further elucidated in studies demonstrating the inverse link between 
CXCL12 expression and the establishment of gap junctions between BC cells and stro-
mal cells [59]. The mechanism of interaction between CXCL12 and gap junction for-
mation involves protein kinase C-mediated phosphorylation of Cx43 [59]. A complete 
understanding of these interactions may pave the way for targeted therapy for BC.

In addition to BC, other malignancies have been shown to employ the CXCL12–
CXCR4 axis for establishment of dormancy. Leukemic blasts interact with bone 
marrow stroma through this chemokine–cytokine pair [136]. A phase I and II clini-
cal trial on the use of plerixafor for acute myeloid leukemia suggested that un-
coupling of the CXCL12–CXCR4 interaction renders leukemic blasts susceptible 
to chemotherapy. The basis for this effect is that plerixafor disrupts interactions 
between blasts and bone marrow microenvironment, allowing the cells to exit dor-
mancy and reenter the cell cycle [136]. These studies point to the significant role 
that chemokine-based targeted therapy will play in the future of cancer treatment.

7 miRNA and CSC

Although cancer is a disease involving heterogeneous cell types, miRNAs have 
shown some promise as predictive markers of cancer outcome and progression 
[141]. Accordingly, the microenvironment has a major role in tumor behavior. The 
literature on CSCs, although limited on the specifics of markers useful for identify-
ing this population, is clear on their potent tumor-initiating properties. Similar to 
other stem cells, CSCs are not expected to be metabolically active and are small in 
number. Since miRNAs are involved in developmental processes such as stem cell 
maturation it is intuitively understandable that some effort is being made to evaluate 
their potential in regulating CSC function [142, 143].

Pluripotency genes, such as Nanog and Oct4, can be regulated by miRNAs 
[144]. Since CSCs express the same pluripotency genes [19], they might be regu-
lated by similar miRNAs. However, there is no clear evidence that genes linked to 
pluripotency are also involved in self-renewal. Independent studies using robust 
array approaches have linked specific miRNAs such as let-7 in self-renewal and 
malignancy in BC [145]. Methylation of the miRNA 34C gene is required to main-
tain self-renewal and EMT capability in CSCs [146]. Although other miRNAs such 
as miR21 can also induce EMT, it is unclear if this occurs through DNA methylation 
or the suppression of other genes [147].

miRNAs also have properties in addition to maintaining self-renewal ability. miR-
NA 30 not only maintains self-renewal but also prevents apoptosis [148]. miRNAs 
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such as miR200 can negatively regulate EMT [149]. CSCs generally evade treatment 
with chemotherapy and chemo resistance has been linked to specific miRs. miR-
128 facilitates chemoresistance through Bmi-1 and the multiple-drug resistance gene 
[150]. Mir-451 imparts chemoresistance of BC cells to doxorubicin [151]. The ques-
tion is how the information on miRNA can be exploited to target CSCs. This question 
will require side-by-side studies with mammary epithelial cells to understand how 
miRNAs are involved in normal development and to understand if the same miRNA 
becomes dysfunctional to transition the normal stem cells to EMT [152].

8 Conclusion

Drugs, including small molecules, are available for rapid translation of research 
to target CSCs. As examples, antagonists are available for neurokinin receptors, 
γ-secretase inhibitors can target Notch and N-cadherin, and AMD3100 can inhibit 
CXCL12 receptors. In addition, specific knockout mouse models are available to 
investigate the function of these inhibitors. It is envisioned that small molecule 
drugs like these can potentially reverse dormancy and/or induce differentiation of 
the CSCs to make them chemosensitive. In the case of bone marrow, it will be 
important to eliminate all subsets of cancer cells without toxicity to hematopoiesis.

New classes of drugs targeting miRNAs are currently under development and 
evaluation. Targeting of disease-related miRNAs by antisense anti-miRs (an-
tagomirs) which act to inhibit miRNA function has been shown to be effective in 
treating cardiovascular disease in a mouse model [153, 154]. Another approach, 
using “locked nucleic acid” inhibitors to target miR-122 was shown to be effective 
in treating hepatitis in a phase II clinical trial performed in nonhuman primates 
(NCT01200420) [155]. These successes indicate that miRNA-targeted therapeutic 
interventions might also be designed to treat cancer as well.

There is still much to learn about miRNA function. For example, the seed se-
quences of many co-expressed miRNAs are very similar. In human pluripotent stem 
cells, a number of pluripotency-associated miRNAs are expressed which share six 
or even seven out of seven of the same nucleotides at the seed site [156]. This redun-
dancy not only suggests an important regulatory role for these miRNAs in regulat-
ing stem cell function but also hints at undiscovered modes of regulation beyond the 
seed sequence. Basic research into this and other mechanisms of miRNA regulation 
should provide new avenues for drug design in the future.
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Abstract Breast cancer remains a serious public health issue despite early diag-
nosis and aggressive treatment. This chapter discusses the molecular mechanism 
by which epithelial mesenchymal transition (EMT) occurs and its implication for 
metastasis. The chapter also discusses how the different subsets, including cancer 
stem cells, contribute to cancer evasion and resistance, through dormancy. Included 
in the discussion are studies on mesenchymal stem cells as protection for the cancer 
cells from immune clearance. We reviewed the growing information on microRNA 
(miRNA) in the cellular mechanisms of EMT and its role in facilitating metastasis 
and/or dormancy of the cancer cells. Overall, this chapter provides a “snapshot” of 
EMT and miRNA in breast cancer dormancy and metastasis.

Keywords Breast cancer · Epithelial mesenchymal transition · miRNA · Bone 
marrow · Cytokine · Chemoresistance · Cancer stem cells

1 Introduction: Breast Cancer

Breast cancer (BC) remains a major public health challenge in the USA [20]. Mortal-
ity of BC is mostly due to metastatic disease [10]. In this regard, it is important to un-
derstand metastasis, which will lead to the development of new targets. Despite edu-
cation and compliance for screening by mammogram, the incidence of BC deaths 
remains the same [32]. However, there are advances in screening, such as molecular 
breast imaging, which has been determined to be efficient in diagnosing women with 
dense breast tissue to increase the chance of early detection [56]. This population 
generally showed indeterminate results from traditional mammography [56].

This underscores the importance for further research and open-mindedness 
for “out-of-the-box” hypotheses to understand the development of tumors and to 
evaluate how tumor cells exist at an early stage. Approximately a century ago, 
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Stephen Paget introduced his “seed and soil” hypothesis that described a neces-
sary compatibility between the tumor cell and the microenvironment for successful 
metastasis. It is now clear that the microenvironment or niche is important for the 
survival and function of the cancer cells.

BC has metastatic predilection for the bone marrow, suggesting that cells within 
the marrow support the BC cells (BCCs) as the “soil.” The role of the “soil” appears 
to be multifunctional, supporting dormancy as well as cancer growth [10]. The 
dormant phase could be extremely long, based on clinical evidence of > 10 years 
in remission in bone marrow, and the length of time before BC can be clinically 
detected [8, 53, 63]. This chapter discusses the role of microRNAs (miRNAs) in 
cancer progression, as this will be relevant to understanding cancer resurgence from 
bone marrow and other organs. Since epithelial mesenchymal transition (EMT) can 
be involved in tumor metastasis and invasion, these topics are also reviewed. The 
relevance to chemoresistance and to prognosis is discussed.

2 Dormancy

Synergism appears to exist between EMT and cancer stem cells (CSCs). Interac-
tions between cancer cells and their niche resulted in the cancer cells undergoing an 
EMT. At the time of EMT, the cancer cells undergo a change to a mesenchymal phe-
notype with a decrease in E-cadherin and an increase in N-cadherin, vimentin, and 
α-smooth muscle actin [67]. Dormant BCCs are mostly in the growth 1 (G1) phase 
of the cell cycle, which could make the cells refractory to anti-cycling therapy [69]. 
Following the extravasation of cancer cells, solitary tumor cells can be detected in 
the bone marrow years before the development of overt metastasis [9].

There could be several rate-limiting steps during the process of metastasis by the 
primary tumor. For example, the inability of angiogenesis at the metastatic site may 
be a rate-limiting step, similar to the rate-limiting step at the primary tumor site, 
which requires hypoxia-linked factors such as vascular endothelial growth factor 
(VEGF) for angiogenesis to occur [28]. Despite the information on the rate-limiting 
step, this might not be an overall mechanism given that the cancer cells at sites of 
metastasis seem to be heterogeneous. For example, dormant cells extracted from 
the bone marrow of different types of tumors were shown to have different prolif-
erative potentials [61]. This raised the question of equilibrium. It is possible that 
the heterogeneity with regard to cell proliferation might be aimed at maintaining 
the tumor size through an equilibrium between apoptosis and proliferation [29]. In 
order to fully eradicate tumor cells, rather than putting the individual in remission, 
the mechanism of dormancy must be understood in order to lead to the reversal of 
the quiescence phase for effective targeted treatment.

It appears that dormant BCCs can survive in the bone marrow, close to the end-
osteum, in the form of gap junctional intercellular communication (GJIC) with 
hematopoietic-supporting cells such as stoma [37]. miRNA can be exchanged 
though GJIC to cause cycling quiescence. In addition to cellular communication 
through gap junctions, cytokines are a particular topic of interest with regard to BC. 
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C-X-C motif chemokine 12 (CXCL12), normally constitutively expressed and a 
known regulator in hematopoiesis, is downregulated when contact is made between 
the same stroma and the BCCs; it was discovered that decreased levels correlated 
with decreased proliferation of BC [37, 43]. In search of possible mechanisms for 
decreased levels, it was found that particular miRNAs that cross GJICs between 
BC and stromal cells specifically reduce CXCL12 levels and transition the BCCs 
to the G0 phase [37]. The importance of CXCL12 is outlined in its interaction with 
C-X-C chemokine receptor type 4 (CXCR4) to facilitate the protection of BCCs 
from the immune system [13, 50]. This contact, inducing a variety of different states 
including but not limited to immunosuppression, may form the beginning of a mi-
croenvironment conducive to the survival of BC, including those in bone marrow. 
These mechanisms may outline specific targets for future treatments and therapeu-
tic interventions.

Dormancy is achieved through a variety of factors, including factors intrinsic to 
the cell such as ATP-binding cassette (ABC) drug transporters and GJICs, and those 
that are extrinsic to the cells including mesenchymal stem cell (MSC)-derived on-
coprotection, among other immune system interactions. While many mechanisms 
are understood and others are currently being researched and explored, significant 
problems and questions remain to be answered in order to further understand the 
mechanisms underlying BC metastasis and dormancy. Many current treatment regi-
mens take a classical route and are primarily concerned with killing cells that are 
rapidly dividing, but treatment modalities must evolve and embrace the concept that 
CSCs drive tumorigenesis.

3 MicroRNA: Overview

miRNAs are small, noncoding RNAs that constitute ~ 1–2 % of mammalian genes 
[4, 63]. Since their discovery in 2000, miRNAs have been implicated in a number of 
biological processes including neural patterning, neurodevelopment, and oncogen-
esis. Despite their relatively small size, miRNAs are stable in normal circulation, 
thus enabling their utilization as a biomarker in oncology [75].

miRNAs represent a diverse family of RNA molecules that can be found in-
ter- and intragenetically (intronic and exonic). Primary miRNAs are transcribed 
by RNA polymerase II, and then cleaved by Drosha, an RNase type III. Exportin 5 
transports the precursor miRNA in a RAN-GTP-dependent manner from the nuclei 
to the cytoplasm where RNase type III, Dicer, cleaves the precursor miRNA into 
mature 18–22 double-stranded nucleotides. It is believed that the more stable of 
the two stands recruits the RNA-induced silencing complex (RISC) to degrade the 
complementary strand. After integration to the RISC, the miRNA may bind to the 3′ 
untranslated region (UTR) of its target mRNA. Depending on complementarity, the 
target mRNA may be degraded by RISC-associated argonaute (Ago) proteins or the 
translation of the targeted mRNA could be suppressed.

In general, miRNAs are considered posttranscriptional regulators of genes [44]. 
This occurs through interactions with the 3′ UTR of transcripts (mRNA) to suppress 
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translation. Interestingly, miRNAs and their targets are generally conserved, sug-
gesting their critical functions in development [4]. A single miRNA has even been 
reported to suppress target genes. In most instances, outcomes of a single miRNA 
are generally modest. The efficiency of miRNAs in regulating gene expression 
appears to require one or more miRNAs in clusters at multiple sites within the 
transcript [2]. Although the role of miRNAs in development has been exhaustively 
studied, it is yet to be determined if the miRNAs are involved in “fine-tuning” the 
developmental processes or if they mediate a central role in development.

4 Breast Cancer Stem Cells

The idea that each cancer cell can initiate a tumor is now considered a concept of 
the past. The expansion of stem cell biology has led to a growth of information that 
was extrapolated to research on CSCs to support CSCs as the initiator of tumor [55, 
75]. The existence of CSCs is further supported by the inability to eradicate cancer, 
regardless of the treatment [41]. Other than CSCs as the subset that resist drug 
treatment, other mechanisms have been linked as the cause of chemoresistance. 
These include increased expressions of anti-apoptotic proteins and the multidrug 
resistance gene [62, 70].

The presence of normal stem cells in adult organs poses a significant challenge 
to targeting the CSCs without bystander effect on the normal stem cells. An under-
standing of how miRNAs are involved in protecting CSCs is fundamental to the 
development of drugs to eradicate cancer. An understanding of breast cancer stem 
cells (BCSCs) is better explained by first describing the mammary stem cells and 
lineage development. The mutation of mammary epithelial cells has been thought 
to be the source of tumor initiation. Although incomplete, phenotypically, mam-
mary stem cells have been identified as CD29high/CD24+ or CD49Fhigh/CD24+. This 
subset has been shown to express the stem cell marker aldehyde dehydrogenase 1 
and can form a complete and functional mammary gland when transplanted into 
a cleared mouse mammary fat pad [59]. BCSCs are phenotypically distinct from 
normal mammary stem cells and are identified as CD44+CD24−/low [1].

5 Epithelial Mesenchymal Transition 

EMT is defined as the alteration of the architectural support for normal epithe-
lial cells, which are strongly attached to the basement membrane. EMT causes a 
loss in polarity with the attainment of a mesenchymal-like or fibroblastoid phe-
notype at the primary site of the tumor in cells that show an increase in motility 
and invasion [11]. EMT causes the cells to lose intercellular junctions and to show 
a decrease in E-cadherin but increases in N-cadherin, matrix metalloprotienases, 
vimentin, and α-smooth muscle [68]. EMT is the beginning of tumor metastasis, 
which is defined as the spread of tumor cells from the primary tumor site to distant 
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sites. First proposed by Stephen Paget in 1889, successful metastasis is a result of 
compatibility between tumor cells and the environment. Paget’s “seed and soil” hy-
pothesis states that metastasis depends on both the characteristics of selected cancer 
cells (the seeds) and their compatibility with certain microenvironments (the soil) 
[47].

A recent study linked specific miRNA to EMT and CSCs [24]. The authors in-
dicated that miR-21 cancer reverses EMT to differentiate CSC phenotype. This oc-
curs through targeting of phosphatase and tensin homolog (PTEN), resulting in the 
inactivation of the tumor-promoting signaling pathways involving AKT and extra-
cellular signal-regulated kinase (ERK)1/2.

6 Supporting Factors in EMT

Successful metastasis occurs when there are growth signals, insensitivity to growth-
inhibitory (antigrowth) signals, evasion of programmed cell death (apoptosis), lim-
itless replicative potential, sustained angiogenesis, and tissue invasion [25]. These 
properties are linked to two categories, those that are intrinsic and those that are 
extrinsic to the tumor cell. Both intrinsic and extrinsic factors resulted in the control 
of cell cycle regulation. However, extrinsic factors involve those that influence the 
cell from the microenvironment, such as extracellular matrix components, base-
ment membranes, reactive oxygen species (ROS), and factors from immune cells.

An example of an intrinsic trigger of other functions is the mutation of p53, 
which is linked to apoptosis and cell cycle arrest [35]. Mutations in p53 have been 
reported in almost all human tumors, which result in poor prognosis [15, 71]. Nor-
mally found at relatively low levels, p53 is increased by stressors, such as onco-
genic activation, DNA damage, and hypoxia [38].

Other genes such as Wnt-β-catenin pathway, Notch, and Hedgehog are also linked 
to tumor metastasis [54, 74]. Dysregulation of the Wnt-β-catenin and Notch-mediated 
pathways have been implicated in BC [48, 57]. The continued activation of the Hedge-
hog pathway is associated with unfavorable prognosis and progression of BC [66].

The tumor cells are required to detach for metastasis. It is prudent, therefore, to 
explore how this occurs. The experimental evidence suggested that defects in adhe-
sion molecules and altered functions within the microenvironment can lead to can-
cer progression and metastasis [31]. Extensive studies were done with β1-integrin, 
which interacts with collagen, fibronectin, E-cadherin, among other matrices [31]. 
In endometrial cancer, mutant p53 binds to the regulatory region of miR130b to 
promote EMT [5]. Although we focus on BC, this report might be critical to under-
standing how mutant p53 is involved in EMT.

ROS can be considered as an extrinsic factor, which is produced by the mito-
chondria under hypoxic conditions [23]. ROS induces hypoxia-inducible factor 1 
(HIF-1α) in cancer cells [18]. HIF-1 activates the expression of growth survival 
genes such as VEGF and erythropoietin [28]. In conclusion, a hypoxic microenvi-
ronment leads to elevated HIF-1α, which can promote cancer metastasis and pro-
gression through HIF-1α-induced VEGF expression.
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7 miRNA: Cancer Niche

The debate continues whether circulating tumor cells (CTCs) “seed” at the first 
site of contact. In an experimental model of melanoma, it was shown that the cells 
selectively metastasize to specific organs [26]. Insights were gained in support of a 
nonrandom process for metastasis in patients with peritoneovenous shunts, which 
is a palliative intervention for patients with ascites [64]. Despite viable cancer cells 
being introduced into the venous system, there was no evidence of hematogenous 
metastasis [10, 65]. These human studies support a strong role for the niche in sup-
porting the “behavior” of the cancer. We discuss a possible role of miRNAs in the 
interaction between the niche and the cancer cells.

In order to fully understand miRNAs as mediators of the BCCs and the niche, the 
discussion reverts to the heterogeneity of BCCs. A broad statement cannot be made 
about miRNA since the interaction with different subsets is likely to differ. This 
brings up a confound of the field since a comprehensive hierarchy of BCCs has not 
been identified. The different subsets might acquire metastatic properties over time, 
allowing only those cells to metastasize.

There are different models to study tumor metastasis and each might address a 
different question on the role of miRNAs, which would provide insights on EMT. 
The clonal evolution theory describes single cells accumulating a broad spectrum of 
changes over time, thus creating cells with variable phenotypic and behavioral char-
acteristics, which includes the ability to metastasize [63]. The transition of the clone 
into a heterogeneous subset of cancer cells has not been established as a hierarchy, 
making it a significant obstacle when studies are intended to understand how miR-
NAs are involved in a particular BCC subset. There are several studies on miRNA 
with unsorted/heterogeneous BCCs. While the findings from these studies can be 
discussed, there is still a question whether all subsets would behave similarly.

Regardless of the above discussion, the clonal development of a cancer cell does 
attest to the fact that given the right circumstances any cell has the potential to trans-
form into a cancer cell with metastatic capabilities. On the other hand, the stem cell 
cancer theory states that a specific subset of multipotent cells that compose the CSC 
compartment are initiated for subsequent metastasis [63]. This model defends the 
idea that only a particular subset of cells within a tumor can have the potential for 
metastasis. Both models, nevertheless, describe a scenario in which only cells that 
have acquired those abilities to metastasize do so and proceed to form secondary 
tumors at distant sites [17].

A recent model proposed six characteristics that are imperative to malignant tu-
mor growth: self sufficiency in growth signals, insensitivity to growth-inhibitory 
(antigrowth) signals, evasion of programmed cell death (apoptosis), limitless rep-
licative potential, sustained angiogenesis, and tissue invasion and metastasis [25]. 
Despite the necessity for these characteristics, cancer remains a clinical dilemma. 
Thus, it is not sufficient to understand the properties at each step, butthe molecular 
mechanisms, including the role of miRNAs, need to be determined.

The evolution processes of metastasis do not necessarily end with the growth of 
tumor cells at a distant site. At the new/distant site, the metastatic cells can develop 
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as heterogeneous cells with different metastatic profiles than the original metastatic 
cells [63]. This concept was demonstrated with BC in which the degree of tumor 
cell heterogeneity in bone marrow caused a negative impact on prognosis. The 
theory was further developed to include the ability of metastatic cells to reseed the 
primary tumor site, which further resulted in a diverse tumor [45]. This mechanism 
adds another layer to the diversity of metastatic capabilities within the primary tu-
mor site [63].

8 Tumor Niche: Cellular and Humoral Components

Regardless of the molecular mechanisms discussed above, the central role in the 
process involves the protection of the tumors from the immune system. This pro-
vides immune cells as a key cellular component of the tumor microenvironment. 
In the absence of the niche, tumor cells can elicit an immune response but in vivo, 
the tumor antigens can be modulated by the tumor microenvironment [46]. The 
mechanism by which this occurs is complex. A dysregulated immune system can 
promote tumor progression. T-helper 17 (Th17) cells can promote the production of 
proinflammatory cytokines, generally linked to an autoimmune-type response, such 
asinterleukin-6 (IL-6), transforming growth factor-beta (TGF-β), and IL-17 [40]. 
The cytokines produced by Th17 cells, combined with angiogenic factors, such as 
VEGF, and other inflammatory mediators, such as prostaglandin E2, contribute to 
the humoral component of the tumor microenvironment [34].

In contrast to Th17 responses, which provide an autoimmune-type response, pro-
tection of the tumor can occur through negative immune responses by regulatory T 
cells (Tregs) [14]. Patients with epidermal growth factor receptor 2 (HER2)-express-
ing BC when treated with Herceptin showed an inverse switch in the ratio of Th17 
to Tregs [30]. The tumors can induce their own protection through soluble factors. 
Tumor-derived soluble factor, phosphatidylserine, can induce the production of IL-
10 and TGF-β and inhibit the response from dendritic and T cells [34].

It is difficult to discuss the cellular component of tumors without including the 
role of MSCs and their recent association with Snail 1, which is considered as a key 
factor in EMT [5]. Although a transcriptional factor, its ability to support the MSCs 
could be significant if it can maintain the “stemness” of MSCs. This will explain 
how MSCs could protect the tumor from the immune system by inducing the dif-
ferentiation and expansion of Tregs [50].

MSCs are ubiquitously expressed in the adult and fetal organs and are abundant 
in the adult bone marrow and adipose tissue [36]. The anatomical location of MSCs 
in the bone marrow suggests that they could be the first set of cells that the cancer 
cells will encounter upon entry into the cavity [7]. MSCs appear to serve a bimodal 
role in BC progression as they not only can inhibit BCC proliferation but can also 
promote its progression at the primary and metastatic sites [13, 42, 50]. As a sup-
port, MSCs can differentiate into tumor-associated fibroblasts to produce factors 
such as CXCL12 [21, 42]. Exosomes are also involved in the biology of cancer 
by facilitating the movement of RNA, including miRNA from one cell to the other 
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[37]. Exosomes and membrane vesicles, which contain RNA and protein, are able to 
convert MSCs into tumor-associated myofibroblast and to increase the expression 
of tumor-promoting factors [12]. The evidence that MSCs support cancer metastasis 
is still a subject of investigation. The co-injection of BCCs and MSCs in immuno-
deficient mice resulted in enhanced lung and liver metastasis [33]. The experimen-
tal evidence suggested that MSC-derived fibroblasts expressed genes that regulate 
matrices and angiogenesis to support the stromal microenvironment to facilitate 
metastasis [19].

The immune suppressive properties of MSCs seem to be used by tumors for 
survival, collectively known as oncoprotection [49]. As part of the stromal compart-
ment of tumors, MSCs can suppress the immune response, including natural killer 
and cytotoxic T cells [50]. MSCs can also suppress the proliferation of T cells, 
partly through the production of TGF-β and hepatocyte growth factor and induced 
apoptosis of T cells [49, 52]. These functions are consistent with the other properties 
of MSCs, discussed above.

9 Bone Metastasis

EMT, which describes metastasis, is directly linked to bone invasion of cancer 
cells. Bone homeostasis is accomplished through a delicate balance between bone-
resorbing osteoclasts and bone-forming osteoblasts. Osteoblasts are derived from 
MSCs, whereas osteoclasts are members of the monocyte/macrophage family. The 
differentiation of monocytes into osteoclasts relies on the activation of the receptor 
for receptor activator of nuclear factor kappa-B ligand (RANKL) and macrophage 
colony-stimulating factor (M-CSF). Parathyroid hormone-related protein (PTHrP) 
stimulates the expression of RANKL. BCC-induced osteolysis was blunted by neu-
tralizing antibodies against PTHrP [22]. Osteoblasts express a decoy receptor for 
RANK, osteoprotegrin (OPG), which could counteract osteoclast formation. By un-
derstanding these processes, insights can be gained to understand the transition of 
BC metastasis to bone invasion.

Bone metastasis may be either osteolytic or osteoblastic. The osteolytic process 
is initiated by the release of osteoclastic agents in the bone microenvironment, such 
as BC-derived IL-8, which induces osteoclastic formation, independent of RANKL 
[6]. Although metastasis of BC to bone tends to be osteolytic, regardless of whether 
metastasis is predominantly osteolytic or osteoblastic, each has components of the 
other as a primarily osteolytic period may be followed by an osteoblastic period 
[51]. This may provide clues to the worth of the paradoxical treatment of bone 
resorption-inhibiting agents in an osteoblastic lesion.

Other factors such as cytokines have a significant role in bone metastasis. 
TGF-β, which is stored in the bone, can signal through Smad2 and Smad3, which 
then interact with Smad4 for nuclear translocation and transcription of genes [60]. 
The TGF-β1–Smad2 pathway controls cell growth and mediates EMT [60]. The 
vascularity of the marrow and the production of angiogenic factors, such as VEGF 
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and bone-reacting cytokines, are elevated as compared to soft tissue resulting in 
an environment that facilitates EMT. The bone itself can provide a nourishing en-
vironment for tumor cells by providing TGF-β and other factors such as insulin-
like growth factor, fibroblast growth factor, platelet-derived growth factors, and 
bone morphogenetic protein [27]. The mechanisms of metastasis, particularly to the 
bone, in addition to the description of a microenvironment conducive to overall tu-
mor survival, are important for overall tumorigenicity. Whether or not treatment and 
research are tailored to thwart any number of the pathways, BC dormancy continues 
to be a clinical problem.

10 miRNA in Drug Resistance

CSCs and EMT cells exert drug resistance [73]. As discussed above, the interactions 
of these cancer cells with the microenvironment as well as the molecular mecha-
nisms of drug resistance will be critical to make cancer cells sensitive to drugs. 
miRNAs are important for drug resistance [58]. However, the role of miRNA in 
facilitating chemoresistance of CSCs and EMT is considered a “new” field. The 
dissection of miRNA in CSCs and EMT cells is not mutually exclusive to the mi-
croenvironment because miRNA can be shared between cells through GJIC and 
exosomes [37].

6 MicroRNAs in Epithelial Mesenchymal Transition …

Fig. 6.1  Shown is the mutation of epithelial cells, perhaps the stem cells. The mutants undergo 
EMT and then migrate to the blood vessels and metastasize at a distant site. miRNAs are produced 
and remain in the circulation, which can be used as prognostic markers. The tumor mass is sup-
ported by immune cells and associated fibroblasts. The complex interactions between the cancer 
cells and supporting cells are regulated by miRNA
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The data are developing on an association between miRNA expression and 
drug-resistant tumor cells [73]. However, the information is not always linked to 
the intracellular biology of miRNA in the chemoresistance of the cell. Circulat-
ing miR125b has been shown to predict the chemoresistance of BCCs [72]. Lin28, 
which has been shown to be involved in the chemoresistance of tumors, was tar-
geted by Let-7 miRNA following paclitaxel treatment [39]. In other cases, the same 
miRNAs that are involved in EMT are also linked to chemoresistance [16]. miRNA 
mimics could be a viable treatment. A recent review article discusses the possibility 
of therapy with miRNA34 as a mimic due to its ability to antagonize tumor promo-
tion and its role as a tumor suppressor [3].

In summary, this brief discussion attempts to address how EMT and CSCs are 
maintained by miRNA and to provide insights into the mechanisms by which this 
occurs. However, it should be remembered that there are subsets of cancer cells 
and the function of the cancer cells could be influenced by the microenvironment. 
Figure 6.1 summarizes this chapter.
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Abstract Over the past several years, it has become clear that alterations in the 
expression of microRNA (miRNA) genes contribute to the pathogenesis of most 
human malignancies. These alterations can be caused by various mechanisms, includ-
ing deletions, amplifications, or mutations involving miRNA loci, epigenetic silenc-
ing, or the dysregulation of transcription factors that target specific miRNAs. Further, 
every cellular process is likely to be regulated by miRNAs and an aberrant miRNA 
expression signature is a hallmark of several diseases, including breast cancer. miRNA 
expression profiling has provided evidence of the association of these molecules with 
tumor development and progression. An increasing number of evidences have dem-
onstrated that miRNAs can function as either potential oncogenes or tumor suppres-
sor genes, depending on the cellular context and on the target genes they regulate. 
Here, we review our current knowledge about the involvement of miRNAs in breast 
cancer and their potential as diagnostic, prognostic, and therapeutic tools.

Keywords Breast cancer · miRNA · Oncogene · Tumor suppression · Stem cells · 
Cancer stem cell · Breast cancer treatment

1 Introduction

Cancer is a complex genetic disease involving structural and expression abnormali-
ties of both coding and noncoding genes. For the past several decades, it has been 
thought that cancer is caused by genetic and/or epigenetic alterations to protein-
coding oncogenes and tumor suppressor genes. These alterations result mainly from 
somatic genetic events that occur over long periods of time, particularly in solid 
malignancies like lung, breast, prostate, and gastrointestinal cancers [1]. These find-
ings have enlightened the development of novel therapies, which are based on the 
specific genetic alterations that are involved in cancer pathogenesis. Although it 
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is clear that tumors are initiated by somatic genetic alterations, it is also evident 
that  many tumors show alterations in the expression of tumor suppressor genes 
because of epigenetic alterations, such as the methylation of CpG islands in their 
promoters, which lead to loss of function [2]. Therefore, therapies directed toward 
the reversal of the epigenetic changes that occur in various malignancies have also 
been developed. Even though significant progress has been made in identifying the 
genetic and epigenetic causes of cancer and identifying targets for therapy, several 
challenges still remain. For example, targeted therapies that are based on the iden-
tification of oncogenic mutations with causal roles in cancer have been developed, 
but the treatment of malignancies that are initiated through the loss of function of 
tumor suppressor genes is more difficult, because the lost gene function must be 
replaced in all the cancer cells and this should be a very challenging task to achieve. 
Thus, the identification of additional alterations that cause or contribute to malig-
nancy is a high priority.

In 1993, Victor Ambros and colleagues discovered a gene, lin-4, that affected 
development in Caenorhabditis elegans and found that its product was a small non-
coding RNA [3]. After these seminal findings, the cloning and characterization of 
small, 20–22-nucleotide-long members of the noncoding RNA family, called mi-
croRNAs (miRNAs), have led to the identification of ~ 1,000 miRNAs. After this 
initial discovery, the field of miRNAs has undergone a long period of silence and 
it took several more years to realize that these small RNA molecules are actually 
expressed in several organisms, including Homo sapiens. miRNAs are highly con-
served across different species and are highly specific for tissue and developmental 
stages. In the past few years, miRNAs have taken their place in the complex cir-
cuitry of cell biology, revealing a key role as regulators of gene expression. miRNA 
genes represent approximately 1 % of the genome of different species, and each 
of them has hundreds of different conserved or non-conserved targets and it has 
been estimated that approximately 30 % of the genes are regulated by, at least, one 
miRNA [4]. Interestingly, more than 30 % of miRNAs have roles in the regula-
tion of fundamental processes such as development, differentiation, cell prolifera-
tion, apoptosis, and stress responses in a range of organisms, including C. elegans, 
plants, Drosophila melanogaster, and mammals, including humans [5, 6].

miRNAs are transcribed for the most part by RNA polymerase II as long primary 
transcripts characterized by hairpin structures (pri-miRNAs) and processed into the 
nucleus by RNAse III Drosha into 70–100-nt-long pre-miRNAs. These precursor 
molecules are exported by an exportin-5 mediated mechanism to the cytoplasm, 
where an additional step mediated by the RNAse III Dicer generates a double-
stranded RNA (dsRNA) of approximately 22 nts, named matured miRNA. The ma-
ture single-stranded miRNA product is then incorporated in the complex known 
as miRNA-containing ribonucleoprotein complex (miRNP) or miRNA-containing 
RNA-induced silencing complex (miRISC), whereas the other strand is likely sub-
jected to degradation. In this complex, the mature miRNA is able to regulate gene 
expression at the posttranscriptional level, binding through partial complementar-
ity for the most part to the 3′ untranslated region UTR of target messenger RNAs 
(mRNAs), and leading at the same time to some degree of mRNA degradation and 
translation inhibition (Fig. 7.1) [4, 7].
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Fig. 7.1  Processing of pri-microRNA and maturation of microRNAs (miRs). miRs are transcribed 
mainly by RNA polymerase II as long primary transcripts characterized by hairpin structures (pri-
miRs) and processed in the nucleus by RNAse III Drosha in a 70-nucleotide-long pre-miR. This 
precursor molecule is exported by the exportin 5 to the cytoplasm, where RNAse III Dicer gen-
erates a dsRNA of approximately 22 nucleotides, named miR:miR*. The mature miRNA prod-
uct is then incorporated in the complex known as miRNA-induced silencing complex (miRISC), 
whereas the other strand is likely subjected to degradation. As part of this complex, the mature 
miRNA is able to regulate gene expression binding through partial homology of the 3′UTR of 
target mRNAs and leading to mRNA degradation or translation inhibition
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2 MicroRNA and Cancer

miRNA was initially identified in B cell chronic lymphocytic leukemia (CLL) and 
changes in the expression level of miRNAs have subsequently been detected in 
many types of human tumors, including breast cancer [8–14]. miRNAs have been 
proposed to contribute to oncogenesis because they can function as either tumor 
suppressors, like miR-15a and miR-16-1, or oncogenes, like miR-21 and miR-155, 
depending on the cellular context. In general, miRNAs are overexpressed in several 
human cancers and thus are considered as oncogenes [15–22]. In contrast, other 
miRNAs such as Let-7 are frequently downregulated in human malignancies in-
cluding breast cancer and, in these contexts, miRNAs are functioning as a tumor 
suppressor gene [23–26]. Further, the genomic abnormalities found to influence the 
activity of miRNAs are the same as those described for protein-coding genes, such 
as chromosomal rearrangements, genomic amplifications, or deletions and muta-
tions. In a specific set of tumors, abnormalities in both protein-coding genes and 
miRNAs can be identified [10]. Homozygous mutations or the combination of dele-
tion plus mutation in miRNA genes is a rare event, and the functional consequences 
of heterozygous sequence variations of miRNAs in human cancers have not been 
identified [27, 28]. Furthermore, the role of polymorphisms in the complementary 
sites of target mRNAs in cancer patients or individuals with a predisposition to 
other hereditary diseases has also started to be understood [29, 30]. In addition, 
every type of tumor analyzed by miRNA profiling has shown significantly different 
miRNA profiles (mature and/or precursor miRNAs) compared with normal cells 
from the same tissue. The expression studies targeted to recognize the function of 
miRNAs revealed only a handful of these miRNAs in breast cancer. As in other 
cancers, some miRNAs function as tumor suppressors and other miRNAs as onco-
genes. Therefore, tumor formation may occur by reduction or deletion of a tumor 
suppressor miRNA and/or by increased or overexpression of an oncogenic miRNA 
(Table 7.1). Two large profiling studies using various tumors and two distinct tech-
nologies to investigate genome-wide miRNA expression in 540 samples, including 
363 from six of the most frequent human solid tumor types, and 177 normal controls 
found that cancer cells showed distinct miRNA profiles compared with normal cells 
that have been demonstrated [31, 32].

Further, studies have shown that miR-155 is upregulated in Burkitt’s lymphoma, 
diffuse large B cell lymphoma, primary mediastinal B cell lymphoma, and Hodg-
kin’s lymphoma [63, 64]. Mice overexpressing miR-155 in B-lymphocytes develop 
polyclonal preleukemic pre-B cell proliferation followed by a full-blown B cell 
malignancy [37]. More recently, two knockout mice models have demonstrated a 
critical role of miR-155 in immunity by showing that BIC/miR-155−/− have defec-
tive dendritic cell functions, impaired cytokine secretion, and TH cells intrinsically 
biased toward TH2 differentiation [65, 66]. Moreover, miR-155 could represent the 
connection between inflammation, immunity, and cancer, because its expression 
can be induced by mediators of inflammation and this is involved in response to 
endotoxic shock [67]. In contrast, members of the miR-29 family have been shown 
to be downregulated in aggressive CLL, invasive breast cancer, lung cancer, and 
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cholangiocarcinoma [49, 51, 68, 69]. The transfection of miR-29b induces apopto-
sis in cholangiocarcinoma cell lines and reduces the tumorigenicity of lung cancer 
cells in nude mice. Further, it has been shown that rhabdomyosarcoma loses miR-29 
expression because of an elevation of nuclear factor κB (NFκB) and YY1 levels, 
and introduction of miR-29s into the tumor delays rhabdomyosarcoma progression 
in mice [70]. miR-29s was also found to directly target myeloid cell leukemia 1 
(Mcl-1) [49], an oncogene overexpressed in acute myeloid leukemia (AML), and 
the de novo DNA methyltransferases (DNMT)-3A and DNMT-3B and the mainte-
nance of DNMT1 [51, 71]. Thus, the loss of miR-29 family member results in the 
constitutive overexpression of Mcl-1 and of DNMT, causing epigenetic changes 
characteristic of AML. These recent results suggest that the loss of miR-29s may be 
important, perhaps critical, for the pathogenesis of a major group of myelodysplas-
tic syndromes and AMLs.

Breast Cancer One of the first solid tumors to be profiled for miRNA expression 
was breast cancer. Iorio et al. [69] described the first miRNA signature for breast 
carcinoma and identified 13 miRNAs that discriminate breast tumors from normal 
tissues with 100 % accuracy. One of the most significant miRNAs differentially 
expressed between normal and breast tumor is miR-21, which is overexpressed 
in breast carcinoma. This miR-21 has been demonstrated to play a crucial role in 
regulation of cell survival and proliferation by directly targeting the tumor sup-
pressor genes phosphatase and tensin homolog (PTEN), programmed cell death 4 
(PDCD4), and tropomyosin 1 (TPM1). Further, this miR-21 has been associated 
with advanced clinical stage, lymph node metastasis, and poor patient prognosis 
[72, 73]. miR-21, is one of the first cancer miRNAs described, has been found 
overexpressed in a variety of other malignancies like glioblastoma, ovarian can-
cer, lung cancer, etc. [74–78]. Further, miR-21 overexpression is also associated 
with poor survival and poor therapeutic outcome in colorectal, pancreatic, endo-
crine, and exocrine tumors [79–81]. Conversely, downregulated miRNAs such as 
miR-125b and miR-205 regulate oncogenes like tyrosine kinase receptors human 
epidermal growth factor receptor (HER)-2 and HER-3 [82, 83]. Ectopic expres-
sion of miR-205 in a breast cancer cell line decreases proliferation and improves 
the responsiveness to tyrosine kinase inhibitors like gefitinib and lapatinib [84]. 
miRNA expression is also related to some histopathologic features of breast carci-
noma, such as estrogen receptor (ER) and progesterone receptor (PR) expression, 
grade and stage, and presence of invasion [69]. Further studies have shown the 
correlation between miRNA expression and the classification in different subtypes 
of breast cancer [85]. In addition, studies have shown the correlation between miR-
NAs and ER status in human breast cancer. For example, miR-206 directly targets 
ER-α, and miR-221 and miR-222 confer tamoxifen resistance by regulating p27 
and ER-α [86, 87]. Further, studies have also shown that there is a regulatory loop 
between ER-α and miR-221 and miR-222: The two miRNAs are able to directly 
target ER-α receptor, which in turn negatively regulates their expression, binding 
estrogen-responsive elements on their promoter region [88].
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3  MicroRNAs are Regulated by Transcription Factors  
in Breast Cancer

Breast cancer is the second leading cause of death among women in the Western 
world and its molecular pathogenesis is still not fully understood. Several lines of 
evidence indicate that ERα-negative breast tumors, which are highly aggressive 
and unresponsive to hormonal therapy, arise from ERα-positive precursors through 
different molecular pathways. High levels of miR-221 and miR-222 were found in 
ERα-negative cells and in primary breast tumor samples. Overexpression of miR-
221 and miR-222 in ERα-positive cells suppressed ERα protein and luciferase as-
says confirmed that ERα is a target of miR-221 and miR-222. ERα was also found 
to negatively regulate the expression of miR-221 and miR-222 by promoter binding 
[88]. Therefore, silencing ERα, either by methylation or by dysregulating miR-221 
and miR-222, results in the constitutive activation of miR-221 and miR-222 and 
the subsequent inhibition of the tumor suppressors like p27, p57, PTEN, and tissue 
inhibitor of metalloproteinases-3 (TIMP3), which in turn contribute to the develop-
ment of the invasive phenotype [45]. This regulatory feedback loop seems to be 
involved in the development of ERα-negative breast cancers [89]. Further, studies 
have shown that the family of miR-34, which consists of miR-34a, miR-34b, and 
miR-34c, is induced directly by the p53 tumor suppressor and suggested that some 
p53 effects could be mediated by these miRNAs [46–48]. By using various cel-
lular models, these authors compared miRNA expression in cells with high or low 
levels of p53 expression and found that the expression levels of p53 correlated with 
the levels of expression of miR-34 family members [46]. In addition, chromatin 
immunoprecipitation experiments showed that p53 binds to the miR-34 promot-
ers [47, 48]. The introduction of miR-34 family members into cells that had lost 
miR-34 expression resulted in cell cycle arrest.

Therefore, miRNAs could be dysregulated by transcription factors and, there-
fore, genetic or epigenetic alterations that result in the dysregulation of transcription 
factors can cause miRNA dysregulation, which contributes to malignant transfor-
mation. Further, Volinia and coworkers have defined miRNA expression signatures, 
which distinguish cancerous tissues from normal tissues [32]. Interestingly, they 
observed that some miRNA genes were dysregulated not just in one tumor type but 
also in many tumors, suggesting that these miRNAs may be downstream targets of 
pathways that are commonly dysregulated in cancer. Thus, if miRNAs are down-
stream targets of pathways that are commonly dysregulated in human cancer they 
become excellent targets for therapeutic intervention. It is known that proliferative 
signals lead to the activation of the c-Myc transcription factor (that integrates the 
cell cycle machinery), which positively and negatively regulates the expression of 
many miRNA genes, including miR-17-92 cluster (c-Myc regulates positively) and 
miR-15a and miR-16-1 (c-Myc regulates negatively). Therefore, it seems that the 
mechanism of action of the activated oncogene is, at least partly, miRNA dysregula-
tion and thereby it causes the downregulation of tumor suppressors and upregula-
tion of oncogenes. Therefore, genetic or epigenetic alterations in protein-coding 
cancer genes or in miRNA genes may have similar consequences. Until now, it 
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has not been possible to target the overexpression of c-Myc in tumors with drugs, 
but it is possible to target the miRNAs that are dysregulated c-Myc by treating the 
cancer cells with anti-miR-17-92 or with miR-15a and miR-16-1. Recently, Bonci 
et al. have shown that the miR-15a-miR-16-1 cluster can control prostate cancer by 
targeting multiple oncogenic activities [90]. In general, in tumors with alterations 
in protein-coding cancer genes, it should be possible to induce tumor regression 
using miRNAs and/or anti-miRNAs. In fact, recent studies have shown that c-Myc-
induced hepatocellular carcinomas in mice are regressed by targeting miRNA that 
is induced by c-Myc [91].

4 Role of Cancer Epigenetics in Regulation of miRNAs

The most-studied epigenetic changes in cancer cells are the methylation of cyto-
sines in the dinucleotide CpG in DNA [92]. Such “methylable” sites, known as CpG 
islands, are preferentially located in the 5′ region (which consists of the promoter, 
5′ UTR, and exon 1) of many genes and are non-methylated in normal cells but are 
transcribed in the presence of the appropriate transcription factors. Methylation of 
the CpG islands of tumor suppressors results in their silencing and contributes to 
malignant transformation [92]. miRNAs are affected by genetic changes, such as 
deletion, gene amplification, and mutation, and by transcription factors. In addition, 
the expression of miRNAs is affected by epigenetic changes, such as methylation 
of the CpG islands of their promoters. Saito et al. [93] reported that miR-127 is 
silenced by promoter methylation in bladder tumors and that its expression could 
be restored by demethylating agents such as 5-azacitidine. miR-127 targets B cell 
lymphoma 6 (Bcl6), an oncogene that is involved in the regulation of apoptosis sig-
naling and in the development of B cell lymphoma. Therefore, silencing of miR-127 
may lead to the overexpression of Bcl6, which leads to malignant transformation. 
Further, miRNAs can also regulate enzymes that are involved in the methylation 
of the CpG islands of tumor suppressor genes. For example, the overexpression of 
DNMTs is a poor prognostic indicator in several human malignancies, and the miR-
29 family targets de novo DNMT3A and DNMT3B [94]. However, recent studies 
have also shown that miR-29 not only targets DNMT3A and DNMT3B but also tar-
gets indirectly DNMT1 [71]. Interestingly, the introduction of miR-29 into cancer 
cell lines caused demethylation of the CpG islands in the promoter regions of tumor 
suppressor genes, which allowed their reactivation and resulted in the loss of tumor-
igenicity [71]. The introduction of miR-29 into cancer cells resulted in the loss of 
expression of the oncogene Mcl1 and the three DNMTs with reactivation of the p16 
tumor suppressor [71]. Further, the loss of miR-29 cluster in Dicer-deficient mouse 
embryonic stem cells leads to downregulation of DNMT1, DNMT3a, and DNMT3b 
through the modulation of their repressor, RBL-2, a proven target of miR-290 [95, 
96]. Therefore, treatment of the malignancies with miR-29 family members caused 
the reversion of epigenetic changes that contribute to malignant transformation in 
human cancers. Further, miRNAs also target histone deacetylases (HDACs) and 
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other proteins that are involved in chromatin structure and function [97]. Therefore, 
all these observations indicate that alterations in the expression of miRNAs could 
be responsible for some of the epigenetic changes that are observed in cancer cells, 
and that such miRNAs could provide novel targets for cancer therapy.

5  Role of MicroRNAs in Regulation of Cancer-Initiating 
Stem Cells in Breast Cancer

Cancer stem cells (CSC) are a small subpopulation of cells capable of self-renewal, 
differentiation, and tumor initiation. The prevailing view is that CSCs are the root 
of cancer origin and recurrence. Although not all cancers have been found to con-
tain CSC populations, to date, the data on the roles of miRNAs in CSCs are con-
sistent with the existence of CSCs in breast, prostate, lung, pancreatic, and liver 
cancers. It has been well established that miRNAs regulate tumor development, 
prognosis, and metastasis either as oncogenes or as tumor suppressors [98, 99]. 
In addition, emerging evidence suggests that miRNAs also play essential roles in 
stem cell self-renewal and differentiation by negatively regulating the expression of 
key stem cell-regulating genes [100]. Evidence for a role of miRNAs in stem cell 
maintenance and differentiation is accumulating from analysis of mutations in key 
RNA interference (RNAi) components. For example, Dicer-mutant mice die early 
in development with a loss of Oct4-positive multipotent stem cells [101]. Further, 
abnormal miRNA expression may result in dysregulation of self-renewal in CSCs 
during cancer progression [102, 103]. Silber et al. reported that miR-124 and miR-
137 induce differentiation of neural and glioblastoma stem cells and induce cell 
cycle arrest [104]. These results suggest that the targeted delivery of miR-124 and 
miR-137 to glioblastoma cells may be therapeutically efficacious for the glioblas-
toma treatment. Further, studies have shown that prostate cancer stem and/or pro-
genitor cell populations have lower levels of miR-34a and Let-7b compared to bulk 
tumor cells [105]. In addition, studies have also shown that miR34a targets CD44, 
resulting in impaired tumor growth and decreased metastases in mouse models of 
prostate cancer. The increased survival of mice treated with systemically delivered 
miR34a suggests a novel strategy to target prostate CSCs, thereby inhibiting tu-
mor growth and metastasis [105]. Further, a number of studies describing the role 
of miRNA in the regulation of normal and malignant breast stem cells have been 
conducted. Recent studies have shown that both miR-205 and miR-22 are highly 
expressed in mouse mammary stem/progenitor cells, whereas miR-93 and Let-7 are 
depleted in this population [106]. Further, studies have also reported that miR-205 
overexpression in mouse mammary cells led to an expansion of the progenitor cell 
population, decreased cell size, and increased cellular proliferation [107]. More re-
cent studies have shown that overexpression of miR-200c reduced the clonogenic 
and tumor-initiation activities of breast cancer stem cells (BCSCs) and suppressed 
mammary duct formation by normal mammary stem cells. This occurred through 
the downregulation of the polycomb gene Bmi-1, a target of miR-200c. This work 
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demonstrated a molecular link between normal breast stem cells and BCSCs [23]. 
Yu et al. showed that Let-7 is decreased in BCSCs and that overexpression of Let-7 
inhibits the cell proliferation, mammosphere formation, BCSC self-renewal and dif-
ferentiation, and tumor formation and metastasis in nonobese diabetic/severe com-
bined immunodeficiency (NOD/SCID) mice [108]. These effects were shown to be 
mediated through downregulation of the Let-7 targets H-Ras and HMGA2 [108]. 
This group also demonstrated that expression of miR-30 markedly reduced BCSCs 
by targeting ubiquitin-conjugating enzyme 9 (UBC9) and integrin b3 (ITGB3). A 
more complete inhibition of self-renewal and mammosphere formation of BCSCs 
was observed when both Let-7 and miR-30 were simultaneously introduced com-
pared to each miRNA individually [108]. The ability of these miRNAs to target BC-
SCs suggests that they may have significant therapeutic potential. All these studies 
show that miRNA plays a crucial role in the regulation of stem cells and progenitor 
and cancer-initiating stem cells. Thus, the most effective cancer therapy must be 
directed against both the small, quiescent pool of CSCs as well as the more actively 
proliferating bulk tumor mass. This may be possible if specific CSC signals are 
inhibited using molecularly targeted therapy, while simultaneously attacking pro-
liferating cells by conventional therapies like chemotherapy and radiotherapy. To 
attain this goal, developments in miRNA regulation present exciting new prospects.

6  MicroRNAs in Breast Cancer Invasion, Angiogenesis,  
and Metastasis

The leading cause of death in breast cancer (BC) patients is not the primary tu-
mor in the breast per se, but metastasis to distant organs. Metastasis accounts for 
more than 90 % of the deaths in BC patients. Millions of cells are released from 
the primary tumor into the blood circulation, but only a small portion of these cells 
survive and colonize on distant organs. The development of cancer metastases de-
pends on multiple factors, including miRNAs [109–112], epithelial–mesenchymal 
transition (EMT) [113–116], CSCs [117, 118], etc. miRNAs have been implicated 
not only in the development of primary tumors, but also in affecting progression 
and in the metastatic phase of the disease. Indeed, several lines of evidence show 
how miRNAs are involved in the regulation of biologic processes leading to the 
acquisition of metastatic potential, as adhesion, migration and invasion, and an-
giogenesis. Further, the connection between miRNAs and EMT has also been well 
established. Numerous studies have revealed that miRNAs are dysregulated in can-
cer versus normal tissue, and in noninvasive versus invasive forms [119, 120]. Dis-
cordant miRNA expression between normal and breast tumor tissues and between 
ERα-positive and ERα-negative tumors is also well established [69]. In general, the 
levels of the most mature (processed) miRNAs are lower in cancer versus normal 
tissue, and in ERα-negative versus ERα-positive breast cancer, and both Drosha 
and Dicer levels are subnormal in several cancers [121, 122]. Interestingly, estrogen 
(E2) induces Dicer expression in MCF-7 cells, suggesting that the loss of ERα and 
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estrogen signaling in breast cancers may contribute to the decreased expression 
of Dicer and consequently lower levels of miRNA expression [123]. Some evi-
dence supports a role of miRNAs in dampening Dicer expression. Martello et al. 
[124] showed that miR-103/107 targets Dicer mRNA and inhibits Dicer expression, 
thereby promoting EMT in breast cancer cell lines and the metastatic spread in 
mice. These investigators also provided evidence that the miR-103/107-induced de-
crease in Dicer leads to compromised processing of pre-miRNAs belonging to the 
EMT-inhibitory miR-200 family. Cochrane et al. [121] demonstrated that miR-221, 
miR-222, and miR-29a, which are elevated in ERα-negative breast cancer cell lines, 
target Dicer. Upregulation of miR-200c increased Dicer in two ERα-negative cell 
lines. Although the majority of miRNAs are decreased after neoplastic transforma-
tion, some miRNAs clearly show an increase [119].

To perform miRNA effector functions, miRNAs must be incorporated into Argo-
naute (AGO)-containing complexes [125]. The expression of the miRNA effector 
AGO proteins is also altered in cancer. The AGO1 gene is frequently deleted in sev-
eral cancers, including breast cancer [126]. However, studies have also shown that 
both AGO1 and AGO2 were elevated in ERα-negative versus ERα-positive breast 
cancer [127). ]. Further, forced expression of AGO2 reduced E-cadherin expression 
and enhanced motility in epithelial breast cancer cell lines [128]. Additional work 
is needed to examine whether increased AGO2 expression induces a complete EMT 
in breast cancer. Specific miRNAs have been demonstrated to promote EMT and 
metastasis. One of the seminal studies by the Weinberg Group [129] showed that 
Twist (but not Snail) induced expression of miR-10b. They observed that miR-10b 
was downmodulated in all the breast carcinomas from metastasis-free patients, but 
surprisingly, 50 % of metastasis-positive patients had elevated miR-10b levels in 
their primary tumors. miR-10b targets and represses the homeobox D10 (HOXD10) 
expression, thereby relieving transcriptional inhibition of the prometastatic Ras ho-
molog gene family member C (RHOC) and thus leading to tumor cell invasion and 
metastasis. Further, as a functional screen that aimed to discover miRNAs that pro-
mote cell migration in vitro, Huang et al. [38] identified miR-373 and validated its 
metastatic potential in tumor transplantation experiments using breast cancer cells. 
More recently, several “metastamiRs” have been characterized [130]. Conversely, 
several miRNAs have been characterized as suppressors of metastasis [130]. In par-
ticular, members of the miR-200 family of miRNAs and miR-205 have been shown 
to reduce cell migration and invasiveness by targeting zinc-finger E-box binding 
(ZEB) transcription factors, which are known inducers of EMT [131, 132]. Further, 
the oncogenic miR-21 stimulates invasion, extravasation, and metastasis in differ-
ent tumor types, including breast cancer, whereas oncosuppressor miR-205 has op-
posite effects, reducing invasion in vitro and suppressing lung metastasis in vivo 
[133, 84]. With the same aim of searching for regulators of breast cancer metastasis, 
Tavazoie et al. [134] identified miR-126 and miR-335 as metastasis suppressors: 
Reduced levels of the two miRNAs are associated with poor metastasis-free sur-
vival of patients with breast cancer, whereas their re-expression inhibits metastasis 
in a cell transplantation model. Interestingly, it has been recently observed that pri-
mary tumors and metastasis from the same tissue show a similar pattern of miRNAs 
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expression [135]. Being a more accurate classifier than mRNA expression studies, 
miRNA profiling has thus revealed the potential to solve one of the most demanding 
issues in cancer diagnostics: the origin of metastasis of unknown primary tumors.

7 MicroRNAs Are a New Clinical Tool

As active players in important oncogenic signaling pathways, miRNAs should 
affect cancer diagnosis and prognosis.

miRNA Profiling as a Diagnostic Tool Metastatic cancer of unknown primary site 
(CUP) is one of the ten most frequent cancer diagnoses worldwide, and constitutes 
3–5 % of all human malignancies [136]. Patients with CUP present with metasta-
ses (late-stage disease) without an established primary tumor (a site at which the 
tumor has initially developed and from which it has metastasized). The study by 
Lu et al. [31] produces an important advance in the diagnosis of this peculiar type 
of cancer. Analyzing 17 poorly differentiated tumors with nondiagnostic histologi-
cal appearance, they showed that the miRNA-based classifier was much better at 
establishing the correct diagnosis of the samples than the mRNA classifier [31]. 
This result is exciting because profiling a few hundred miRNAs has a much bet-
ter predictive power for CUP diagnosis than profiling several tens of thousands of 
mRNAs. As miRNA expression changes with differentiation, the poorly differenti-
ated tumors have lower global expression levels of miRNAs compared with well-
differentiated tumors from control groups [31]. The reduced expression levels of 
miRNAs in poorly differentiated tumors reveal why miRNA profiling is effective 
in the diagnosis of CUP.

miRNA Profiling as a Prognostic Tool Breast cancer is the leading cause of death 
from cancer in women worldwide. Therefore, the identification of new prognos-
tic markers (markers that correlate with disease evolution) could be a significant 
advance for the identification of patients that would benefit from more aggressive 
therapy. In univariate analyses, the expression of both miR-155 (high levels) and 
Let-7a-2 (low levels) has been shown to correlate with poor survival in 104 patients; 
in multivariate analyses, the expression of miR-155 also correlated with a poor 
prognosis when all clinical variables were considered together.

8 MicroRNAs and Anti-MicroRNA in Cancer Treatment

The evidence collected to date demonstrate how microRNAs could represent valid 
diagnostic, prognostic, and predictive markers in cancer. Indeed, the aberrant miR-
NA expression is correlated with specific biopathologic features, disease outcome, 
and response to specific therapies in different tumor types. Considering the impor-
tance of miRNAs in development, progression, and treatment of cancer, the potential 
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usefulness of an miRNA-based therapy in cancer is now being exploited, with the 
attempt to modulate their expression, reintroducing miRNAs lost in cancer, or in-
hibiting oncogenic miRNAs by using anti-miRNA oligonucleotides. For example, 
the transfection of miR-15a/16–1 induces apoptosis in leukemic MEG01 cells and 
inhibits tumor growth in vivo in a xenograft model [137], whereas the inhibition of 
miR-21 with antisense oligonucleotides generates a proapoptotic and antiprolifera-
tive response in vitro in different cellular models and reduces tumor development 
and metastatic potential in vivo [138].

Moreover, miRNAs involved in specific networks, such as the apoptotic, prolif-
eration, or receptor-driven pathways, could likely influence the response to targeted 
therapies or to chemotherapy: Inhibition of miR-21 and miR-200b enhances sen-
sitivity to gemcitabine, probably by modulation of CLOCK, PTEN, and PTPN12, 
whereas reintroduction of miR-205 in breast cancer cells can improve the respon-
siveness to tyrosine kinase inhibitors through HER-3 silencing [139, 83]. Besides 
targeted therapies and chemotherapy, miRNAs could also alter the sensitivity to 
radiotherapy; the Let-7 family of miRNAs can suppress the resistance to antican-
cer radiation therapy, probably through RAS regulation [140]. Evidence described 
to date represents the experimental bases for the use of miRNAs as both targets 
and tools in anticancer therapy, but there are at least two primary issues to address 
to translate these fundamental research advances into medical practice: the devel-
opment of engineered animal models to study cancer-associated miRNAs and the 
improvement of the efficiency of miRNAs/anti-miRNAs delivery in vivo. To this 
aim, modified miRNA molecules with longer half-lives and efficiency have been 
developed, such as anti-miRNA oligonucleotides, locked nucleic acid-modified oli-
gonucleotides, and cholesterol-conjugated antagomirs [141–143]. Interestingly, Eb-
ert et al. [144] have recently described a new approach to inhibit miRNAs function: 
Synthetic mRNAs containing multiple binding sites for a specific miRNA, called 
miRNA sponges, are able to bind up the miRNA, preventing its association with 
endogenous targets. To improve the in vivo delivery of either miRNAs or anti-miR-
NAs, the methods that have been tested in preclinical studies over the past decades 
for short-interfering RNAs (siRNA) or short heteroduplex RNA (shRNA) could be 
applied also to miRNAs. Moreover, the advantage of miRNAs over siRNA/shRNA 
is their ability to affect multiple targets with a single hit, thus regulating a whole 
network of interacting molecules.

9 Future Perspective

It has been unequivocally proven that miRNA dysregulation occurs in many human 
malignancies including the most common human malignancies like lung, breast, 
prostate, and gastrointestinal cancers. Such dysregulation, like the dysregulation 
of oncogenes and tumor suppressor genes, can be caused by multiple mechanisms, 
such as deletion, amplification, mutation, transcriptional dysregulation, and epi-
genetic changes. As miRNAs have multiple targets, their function in tumorigenesis 
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could be due to their regulation of a few specific targets, possibly even one, or many 
targets. A future challenge would be to identify all of the targets of the miRNAs 
involved in cancer and establish their contribution to malignant transformation. An 
additional challenge would be the identification of all of the miRNAs that are dys-
regulated by pathways consistently dysregulated in various types of human cancers. 
If these miRNA targets are crucial for the expression of the malignant phenotype 
and the cancer cells depend on their dysregulation for proliferation and survival, 
we can expect that the use of miRNAs or anti-miRNAs will result in tumor regres-
sion. Over the past several years, we have observed a shift from conventional che-
motherapy to targeted therapies, and miRNAs and anti-miRNAs could contribute 
extensively in the forthcoming years.
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Abstract Hematopoietic stem cells (HSCs) are multipotent cells capable of 
self-renewal as well as differentiation into all mature blood cell types to sustain 
lifelong hematopoiesis. Leukemias are thought to be initiated and maintained by 
leukemic stem cells (LSCs), which also have the capacity for self-renewal, but they 
are also characterized by varying levels of impaired differentiation and increased 
proliferation which give rise to disease phenotypes. LSCs and HSCs share the 
common ability to self-renew, and they may rely on similar pathways for this 
unique function. Thus, it is critical to understand the molecular mechanisms shared 
between these two cell populations, as these are likely to represent key features that 
drive leukemic transformation of HSCs and/or their downstream progeny. Recently, 
microRNAs (miRNAs) have been implicated as important regulators of self-renewal 
and differentiation in the hematopoietic system. Profiling of normal and malignant 
hematopoietic cells, corroborated with a limited but growing number of functional 
studies, has demonstrated that miRNAs are critical regulators of HSC function, are 
dysregulated in leukemias, and likely play an important role in leukemogenesis. 
Herein, we will review these studies and discuss their contributions toward our 
understanding of the importance of miRNAs in normal and malignant stem cell 
function in the hematopoietic system.
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1 Introduction

Normal hematopoiesis represents a dynamic orchestration of tightly regulated cel-
lular events, reflecting an integration of signals that promote or restrain prolifera-
tion and differentiation across a hierarchy of cells with varying capacities for self-
renewal, proliferation, and lineage fate. Hematopoietic stem cells (HSCs) reside at 
the top of this hierarchy and are characterized by the unique ability to self-renew and 
give rise to all mature blood cell types [1, 2]. In acute myeloid leukemia (AML), the 
counterpart of the HSC appears to be the leukemic stem cell (LSC), with seminal 
human leukemia xenograft studies demonstrating that AMLs include a population 
of cells that can self-renew and give rise to all the components of the leukemia, all 
while retaining their hierarchically developmental relationships [3, 4]. Only a sub-
population of CD34+CD38− leukemic cells—similar to the immunophenotype of 
normal HSCs—was capable of engrafting human AML in nonobese diabetic/severe 
combined immunodeficiency (NOD/SCID) mice, with no engraftment potential in 
the CD34 CD38+ or CD34− fractions. Importantly, transplantation of CD34+CD38− 
cells resulted in engraftment of leukemia-containing cells exhibiting all three im-
munophenotypes, thereby recapitulating the immunophenotypic diversity of the 
original leukemia [3]. As such, AML blasts appears to be organized in a hierarchy 
akin to that seen in the normal hematopoietic system, with self-renewing LSCs giv-
ing rise to more differentiated non-self-renewing leukemic cells. Given these paral-
lels, it is not surprising that several signaling pathways shown to be highly relevant 
in HSCs ( Hox, Notch, Wnt, and Sonic-hedgehog [5–9] have also been found to 
regulate LSCs. These findings likely reflect a shared dependence of these two cell 
populations on many of the same molecular pathways that regulate self-renewal and 
differentiation. Identifying these pathways through direct comparisons of HSCs and 
LSCs represents a potentially powerful approach to identifying novel regulators of 
leukemogenesis.

Micro-ribonucleic acids (miRNAs) are evolutionarily conserved small 
(20–22-nucleotide, nt) noncoding RNAs, first described in the 1990s [10, 11], that 
regulate gene expression at the posttranscriptional level by binding the 3′-untrans-
lated region (3′-UTR) of messenger RNAs (mRNAs), leading to the inhibition of 
translation or mRNA degradation [12]. miRNAs have been shown to regulate a va-
riety of cellular processes including differentiation, metabolism, apoptosis, and pro-
liferation [13]. miRNAs are first transcribed by RNA polymerase II in the nucleus 
as large primary transcripts (pri-miRNAs) [14], followed by processing by Drosha, 
an RNAse III-type endonuclease (RN3), into ~ 70 nt pre-miRNAs containing a hair-
pin structure. Pre-miRNAs are then transported into the cytoplasm by the guanosine 
triphosphate (GTP)-dependent RAN transporter Exportin-5, where they are further 
processed by the endonuclease Dicer into mature ~ 20 bp double-stranded miRNAs. 
One of the miRNA strands is then incorporated into a protein–RNA complex called 
the RNA-induced silencing complex (RISC), thereby allowing miRNAs to bind to 
their mRNA targets [15, 16]. miRNAs interact with their targets via 6–8-nt “seed 
sequences,” which have sequence complementarity to “seed match” sequences in 
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the 3′-UTR of target mRNAs. In most situations, such base pairing is imperfect, 
resulting in translational suppression, but in the presence of perfect base pairing, en-
donucleolytic mRNA cleavage is triggered [17]. Through these mechanisms, each 
particular miRNA may target many mRNAs, and in total approximately 30 % of hu-
man protein-coding genes are predicted to be regulated by miRNAs [12]. As devel-
opmental transitions in hematopoiesis depend on the coordinated and rapid modula-
tion of many transcription factors, the promiscuous nature of miRNA:mRNA inter-
actions are ideally suited to regulate such changes. Accordingly, there are increasing 
experimental data to support roles of miRNAs as key regulators of differentiation 
and self-renewal in normal and malignant stem cells.

In this chapter, we will provide an overview of the known biological functions 
of miRNAs in HSCs and LSCs. While a relatively small number of studies have 
evaluated the functional role of specific miRNAs in these cell populations, a large 
number of miRNA profiling studies have also been performed, providing numer-
ous additional potential candidates for experimental verification. Thus, we will also 
discuss the results of these studies and their implications for future research and 
potential therapeutic strategies.

2 miRNA Expression in the Hematopoietic Stem Cell

The functional importance of miRNAs in hematopoiesis has been identified 
primarily through miRNome-wide expression profiling and in silico bioinformatic 
prediction studies. The majority of such studies have been performed using normal 
HSCs and hematopoietic progenitors from different stages of lineage differentia-
tion. As summarized in Table 8.1, miRNA expression profiling studies using a vari-
ety of techniques have identified that miRNAs are highly and commonly expressed 
at high levels in both mouse and human HSCs.

One of the earliest efforts to identify biologically relevant miRNAs in HSCs 
and progenitor cells was performed using human CD34 + cells. While CD34+cells 
are enriched for immature hematopoietic cells, HSCs comprise only ~ 1 %, with the 
vast majority of cells representing non-self-renewing progenitors [18, 19]. This first 
large-scale profiling of miRNA expression identified 33 miRNAs that were dif-
ferentially expressed in CD34 + hematopoietic stem-progenitor cells (HSPCs) when 
compared to normal human bone marrow (BM) and mobilized human peripheral 
blood CD34 + cells [20]. The investigators then combined these data with mRNA 
expression data generated from human CD34 + cells and used an in silico algorithm 
to predict the interactions between HSPC-expressed miRNAs and mRNAs, particu-
larly those previously shown to regulate lineage fate decisions. Based on pairing 
of HSPC-expressed miRNAs with their putative mRNA targets, they formulated a 
model in which many of the genes associated with hematopoietic differentiation are 
expressed at an early time point by undiffrentiated HSPCs, but are supressed by a 
small subset of miRNAs until differentiation occurs. While the predicted interac-
tions between miRNAs and their targets were, for the most part, not functionally 
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validated, this study represented an important first attempt to describe the function 
of miRNAs in early human hematopoiesis.

O’Connell et al. measured the expression of 137 miRNAs in HSPC-enriched 
Lin−c-Kit + Sca-1 + (LSK) cells, as well as unfractionated total BM from C57BL/6 
mice [21]. Of these 137 miRNAs, 11 were found to be enriched in LSK cells as 
compared with total BM (Table 8.1). Compellingly, the same set of miRNAs was 
found to be enriched in a similar analysis comparing CD34 + human cord blood 
(CB) cells to CD34−CB cells, suggesting high evolutionary conservation and likely 
important functions of these miRNAs in primitive hematopoietic cells. Subsequent-
ly, Petriv et al. developed a high-throughput microfluidics-based real-time quantita-
tive polymersase chain reaction (RT-qPCR) approach in order to study global miR-
NA expression in 27 phenotypically distinct cell populations isolated from normal 
adult mouse hematopoietic tissue [22]. A phylogenetic analysis of their study has 
revealed that 27 cell populations could be grouped into six clusters including stem 
and progenitor cells, lymphoid cells, and four distinct branches of myeloid lineage 
cells. Interestingly, expression of a subset of miRNAs in single hematopoietic cells 
further demonstrated that progenitors such as granulocyte–macrophage progenitors 
(GMPs), thought to be relatively homogeneous with respect to function, showed less 
cell-to-cell miRNA expression variation compared to functionally heterogeneous 
populations such as CD45+CD48+ cells. These data suggest that miRNA expres-
sion variability in single cells may underlie the functional heterogeneity observed 
in such populations, and thus miRNA profiling of individual cells may provide a 
powerful approach to evaluate the purity of cell populations and to identify new 

Table 8.1  MicroRNAs identified in mouse and human HSCs by profiling assays
Surface markers for HSC miRNAs Reference
Lin-c-Kit+Sca-

1+CD150+CD48- (mouse)
miR-99a, -125a/b, -155
miR-126, -196b, -130a, -181c
miR-193b, -542-5p, let-7e

O’Connell et al. (2010)

Lin-c-Kit+Sca-1+CD34-Flk2- 
(mouse)

miR-99a/b, -125a/b, let-7e, 
miR-10a/b, -130a, -31, -18a, 
miR-15b, -100, -146, -425, 
422b

Guo et al. (2010)

ES150+(CD45+EPCR+CD48-
CD150+)

ES150-(CD45+EPCR+CD48-
CD150-)

SLAM 
HSC-(CD150+CD48-CD45+)

LSK (Lin-c-Kit+Sca-1+)
(mouse)

miR-29a (in ES150+/150-)
miR-125b
miR-196a/b, -130a
miR-148b, -351, and let-7d

Petriv et al. (2010)

CD34+CD38- (human) miR-452, -127, -526b*, -520h, 
predicted-miR-209, -105, 
-149, predicted-miR-100

Liao et al. (2008)

CD133+ (human) miR-10a, -125b, -146a, -125a, 
miR-551b, -99a, -29a/b/c, 
-24 miR-23a/b, -146b

Bissels et al. (2011)
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functional subsets of cells. Nonetheless, while these initial studies identified many 
promising candidate miRNAs that likely regulate different stages of hematopoiesis 
and HSC function, they did not make any attempts at functional validation.

Subsequent studies have aimed to define the functional importance of many of 
these candidate miRNAs in hematopoiesis by overexpression or selective targeting 
of specific miRNAs in mice. The mouse system is well suited to such studies since 
mouse HSPCs are well defined immunophenotypically, and the function of highly 
purified populations can be precisely assessed in vivo using well-established con-
genic transplantation models [23].

The first experimental evidence that miRNAs regulate hematopoiesis came from 
studies of mice in which Ago2, a gene encoding a protein component of the RISC, 
was conditionally inactivated, leading to severe hematopoietic defects such as im-
paired B cell and erythroid cell differentiation [24]. Additional evidence supporting 
a role of miRNAs in hematopoiesis came from a mouse model in which Dicerwas 
conditionally deleted in the hematopoietic system, resulting in a cell-autonomous 
impairment in HSPC function and increased apoptosis, indicating that miRNAs are 
required to maintain the immature HSPC pool. Dicer-null HSCs were able to en-
graft lethally irradiated recipient mice, but they showed a significant reduction in 
stably engrafted LSK and mature populations, particularly myeloid cells [25].

Guo and colleagues also measured miRNA expression in mouse HSPCs and 
identified a number of highly expressed miRNAs, including the miRNA polycistron 
that contains miR-125a, miR-99b,and let-7e. To investigate the role of this miRNA 
cluster in hematopoiesis, either the entire cluster or individual members were ec-
topically overexpressed in unfractionated mouse BM cells and transplanted into 
lethally irradiated recipient mice. Overexpression of miR-125a alone resulted in a 
more than eightfold expansion of donor-derived reconstituting HSCs as well as all 
major lineages, and this was accompanied by a reduction in apoptosis in primitive 
hematopoietic cells. The anti-apoptotic effect of miR-125a was found to be associ-
ated with its ability to suppress the expression of its direct target, the pro-apoptotic 
protein Bak1 [25]. Interestingly, Bak1−/− mice did not show any alterations in HSC 
number or function, suggesting that miR-125a induces HSC expansion by targeting 
multiple genes [25]. In addition, since a single miRNA may have multiple target 
mRNAs, and a single mRNA can be targeted by many miRNAs, it is perhaps not 
surprising that loss of a single target, even if physiologically relevant, may not be 
sufficient to induce a dramatic phenotype [26].

MiR-125b, another member of miR-125 family, is also highly expressed in HSCs 
and HSC-enriched populations, suggesting a role in HSC regulation. We have 
confirmed miR-125b’s role in HSC self-renewal by demonstrating that miR-125b-
transduced mouse HSCs (Lin−cKit + Sca-1 + CD150 + CD34−) exhibit increased 
engraftment capability in serial transplantation assays [21, 27]. In these studies, 
overexpression of miR-125b in HSCs also resulted in a preferential expansion of 
lymphoid-biased and lymphoid-balanced (intermediate myeloid and lymphoid 
lineage bias) HSCs [27]. Similar to miR-125a, the miR-125b-induced enhancement 
in HSC function was also associated with induction of anti-apoptotic pathways, 
likely through inhibition of Bmf and KLF13 mRNA expression. O’Connell and 
colleagues also identified miR-125b among a set of miRNAs highly expressed in 
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HSC-enriched populations (LSK CD150 + CD48−; Table 8.1). Interestingly, in their 
studies, overexpression of miR-125b in unfractionated mouse BM cells not only in-
duced an expansion of HSCs, but also caused a dose-dependent myeloproliferative 
disorder that eventually progressed to AML [21]. We will discuss the relevance of 
miR-125b to human AML in a later section.

MiR-29ahas also been identified to be highly expressed in mouse and human 
HSCs, as well as human LSCs [28], and overexpression of miR-29a in mouse HSCs 
and progenitors results in a myeloproliferative disorder with biased myeloid dif-
ferentiation that progresses to AML upon serial transplantation. Moreover, miR-29a 
overexpression induced aberrant self-renewal in committed myeloid progenitors al-
most immediately following the establishment of grafts, indicating that it is likely 
an important regulator of HSC and LSC self-renewal as well. Indeed, mice deficient 
in miR-29a/b exhibit a significant decrease in HSC self-renewal (Hu and Park, un-
published observations). Although this study did not investigate the presence of 
possible cooperating lesions at the time of leukemic progression, it was the first to 
show that a single miRNA may function as an oncogene. These studies demonstrat-
ing the ability of HSC-associated miRNAs to induce leukemia are consistent with a 
model in which HSCs and LSCs exhibit a common dependence on particular miR-
NAs which confer shared properties such as self-renewal, increased quiescence, and 
impaired apoptosis.

Most recently, miR-126 was shown to be highly expressed and functionally ac-
tive in human and mouse HSCs [29]. Lechman et al. showed that overexpression 
of miR-126 in lineage negative HSPC-enriched mouse or human CB cells results in 
decreased cell division, whereas knockdown of miR-126 (using miRNA “sponges”) 
induces HSC expansion without exhaustion (as assessed through tertiary trans-
plants) or induction of hematological malignancies. MiR-126knockdown promoted 
increased proliferation only in the stem-cell-enriched LSK compartment but not 
immediate downstream progenitors, suggesting that miR-126’s function in HSC ex-
pansion is cell context specific. Gene expression profiling of human CD34 + CD38-
lin-CB transduced to overexpress or knockdown miR-126demonstrated enrichment 
for multiple genes in the PI3K/AKT/GSK3β pathway with miR-126knockdown. By 
regulating signaling through this pathway, miR-126appears to set a cell-signaling 
input threshold for HSC activation and limit the HSC pool size through cell cy-
cle regulation [30]. Given miR-126’s functional properties, the authors suggested 
that manipulation of miR-126 expression in HSPCs might represent a promising 
approach to promote ex vivo expansion of human and mouse HSPC cells.

Together, these studies demonstrate major roles of miRNAs in HSC biology and 
suggest that modulation of miRNA expression levels may represent a promising 
strategy by which to expand HSCs for regenerative medicine approaches (HSC-
related miRNAs are summarized in Table 8.2). In addition, overexpression of some 
HSC-associated miRNAs such as miR-29a and miR-125 enhances HSC or progeni-
tor self-renewal capacity and is sufficient to induce AML in mice. Thus, these stud-
ies suggest that some miRNAs that regulate HSC function may also contribute to 
myeloid leukemogenesis, perhaps by regulating self-renewal pathways and lineage 
choice.
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miRNA Function/phenotype Affected cells Targets Reference
miR-125a Overexpression in mouse bone 

marrow cells leads to an 
increase in HSC pool size

HSC Bak1 Guo et al. 2010

miR-125b Overexpression in mouse bone 
marrow cells leads to a 
myeloproliferative disease, 
progressing to AML

N/A N/A O’Connell 
et al. 2010

Overexpression in CD34+ CB 
cells increases engraftment in 
xenotransplants

miR-125b Overexpression in mouse 
fetal liver cells in a mouse 
transplantation model results 
in a myeloproliferative disor-
der and B-/T-ALL

N/A Bak1, Bmf, and 
p53

Bousquet et al. 
2010

miR-125b Overexpression in mouse 
HSCs leads to expansion 
of lymphoid-balanced and 
lymphoid-biased HSCs

HSC Klf13 and Bmf Ooi et al. 2010

miR-125b Overexpression in HSPC-
enriched mouse bone marrow 
cells and CD34+ human 
bone marrow cells induces 
myeloid-biased differentiation

MkP/MEP Dicer and ST18 Klusmann 
et al. 2010

Overexpression in mouse fetal 
liver megakaryocyte and 
erythroid progenitors (MkP 
and MEP) leads to increased 
proliferation and self-renewal

miR-29a Overexpression in mouse 
HSPC-enriched bone marrow 
cells causes a myeloprolifera-
tive disease that progresses 
to AML

MPP, CMP, 
GMP as 
well as 
leukemic 
blasts

Hbp1 Han et al. 2010

miR-155 Overexpression in HSC-
enriched mouse bone marrow 
expands granulocytes/mono-
cytes with the eventual devel-
opment of myeloid neoplasia

N/A SHIP1, PU.1, 
Picalm, 
Cutl1, Csf1r

O’Connell 
et al. 2010 
and 2009

miR-126 Overexpression in mouse or 
human CB Lin-bone mar-
row cells promotes HSC 
quiescence and decreases the 
hematopoietic contribution 
from these cells

HSC Multiple targets 
in the PI3K/
AKT/GSK3 
pathway

Lechman et al. 
2012

Knockdown in mouse or human 
CB Lin-bone marrow cells 
results in the expansion of 
HSC pool by increasing 
proliferation

Table 8.2  MicroRNAs with characterized roles in normal and/or leukemia stem cells function 
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3 The Role of MicroRNAs in Acute Myeloid Leukemia

Given the importance of miRNAs in HSC self-renewal and differentiation, it is 
perhaps not surprising that miRNAs have also been implicated in the initiation, 
progression, and/or maintenance of human hematologic malignancies. In fact, the 
first convincing evidence of a pathogenic role of miRNAs in human cancer was de-
scribed in chronic lymphocytic leukemia (CLL). The observation that miR-15aand 
miR-16–1are located on 13q4, which is deleted in 68 % of CLL patients, suggested 
their role as tumor suppressors [31]. Subsequent studies demonstrated a global 
downregulation of mature miRNAs encoding tumor suppressors, often accompa-
nied by upregulation of specific subsets of oncogenic miRNAs [32–34]. Spontane-
ous mouse models of CLL also exhibit loss of these miRNAs, further supporting 
their major roles as tumor suppressors [35].

A large number of studies have measured miRNA expression in human leuke-
mias including AML, CLL, acute lymphocytic leukemia (ALL), and Hodgkin’s and 
non-Hodgkin’s lymphomas [31, 36–39, 41, 42]. Variable findings between different 
studies may be in part due to heterogeneity in sample selection and varying methods 
of miRNA expression profiling. Furthermore, in many studies, leukemic cells were 
not purified prior to the measurement of miRNA expression, increasing the likeli-
hood of contamination of the miRNA signature by non-leukemic components of the 
BM. Nevertheless, a large number of dysregulated miRNAs were identified in these 
studies, but the number of functional studies performed to verify their pathogenic 
roles has been limited to only a few miRNAs (e.g., miR-125b, miR-155, miR-196b). 
Moreover, understanding the role of these miRNAs in the biology of LSCs has been 
limited by the lack of appropriate and easily applicable in vivo and in vitro assays 
to study miRNA biology in primary leukemic cells. Nevertheless, for the purposes 
of this chapter, we will focus on the role of miRNAs in LSCs in AML, since AML 
is a disorder arising from HSPCs, and the LSC has been functionally defined most 
stringently in AML. We propose that miRNAs with important functions in normal 
HSCs may be co-opted by LSCs to promote essential cellular properties such as 
self-renewal, quiescence, and resistance to exogenous genotoxic insults.

AML is thought to arise from HSPCs [43]. While it is driven by acquired and 
inherited somatic mutations and epigenetic alterations [44–48], in some cases, 
the molecular basis of the disease is not clear even though blasts exhibit dramatic 
changes in gene expression. A large number of studies have evaluated mRNA ex-
pression profiles in hematologic malignancies and have shown that dysregulated 
transcript expression can be utilized to predict disease progression, prognosis, and 
response to therapy [49, 50]. Similar expression profiling efforts have been per-
formed for miRNAs and will be described below [33, 51].

Lu et al. performed one of the first studies to evaluate miRNA dysregulation 
in human cancer using a bead-based flow cytometric platform and systematically 
analyzed the expression of 217 miRNAs from 334 samples that included multiple 
human solid and liquid tumors [33]. Somewhat surprisingly, miRNA signatures not 
only accurately separated tumor from non-tumor samples but they were also quite 
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effective at identifying the tissue origin of tumors (even when not apparent mor-
phologically) and appeared to be more effective for these analyses than mRNA pro-
files incorporating many more transcripts (e.g., 277 miRNAs generated more robust 
clustering than > 16,000 mRNAs). This highlights one of the potential advantages 
of using miRNAs as biomarkers in cancer diagnosis. Subsequently, numerous miR-
NA profiling studies have identified distinct miRNA signatures that correlate with 
different AML subtypes, and specific miRNAs have been described as predictors of 
clinical outcome, as summarized in Table 8.3 [34, 37, 52–56]. For example, high lev-
els of miR-181a expression correlated with specific AML morphological subtypes 
[56, 57] and upregulation of miR-181 was also associated with cytogenetic abnor-
malities in AML (including t(11q23), isolated trisomy 8, and FLT3-ITD mutations). 
In addition, upregulation of miR-181aand miR-335was identified in AML patients 
carrying C/EBPα mutations [53, 55]. Interestingly, samples characterized by t(8;21) 
and inv(16) abnormalities have similar miRNA expression profiles, supporting the 
long-held notion that they represent core-binding factor (CBF) AMLs with similar 
pathogenic features [58]. Other distinct biologic subtypes of AML were character-
ized by unique overexpression of particular miRNAs, such as miR-127, miR-224, 
miR-323, miR-154, miR-370, and miR-382, in t(15;17)-associated acute promyelo-
cytic leukemia, and the miR-17–92 cluster in mixed-lineage leukemia ( MLL)-rear-
ranged AML [58]. Patients with high expression of miR-191 and miR-199a have 
been described to have a worse disease-free and overall survival, and a signature 
composed of [52] 12 miRNAs has been shown to predict event-free survival in cy-
togenetically normal AML [55]. The latter miRNA signature included five members 
of the miR-181 family, overexpression of which was shown to inversely correlate 
with event-free survival, as well as decreased expression of many predicted targets 
participating in mechanisms of innate immunity controlled by Toll-like receptors 
and nucleotide-binding oligomerization domain (NOD)-like receptors. Through 
these mechanisms, it was proposed that low miR-181expression may contribute to 
disease aggressiveness by activating pathways controlled by Toll-like receptors and 
interleukin-1β (IL-1β). Although studies functionally validating miR-181’s role in 
AML pathogenesis remain lacking, other miRNAs such as miR-145/miR-146a have 
been demonstrated to repress innate immune mediators (e.g., TIRAP/TRAF6), with 
downregulation of these miRNAs leading to a myelodysplastic syndrome (MDS)-
like phenotype that progresses to AML [59]. Additional evidence implicating dys-
regulated miRNAs in human AML in disease pathogenesis remains largely circum-
stantial with few exceptions.

Accumulating evidence suggests that the Hox subgroup of homeobox proteins 
serve a critical role in normal and malignant hematopoiesis. Expression of Hox 
genes is associated with self-renewal in both HSCs and LSCs [60], and overex-
pression of HoxA10in mouse BM cells leads to perturbed myeloid differentiation 
and progression to AML [61]. Both HoxA9 overexpression alone and in combina-
tion with Meis1 lead to myeloproliferative disorders that eventually progress to 
AML [62]. Specific subtypes of AML are associated with high Hoxgene expression 
(e.g., NPM1c63,64). Upregulation of miR-10a, -10b,and -196a has been found to be 
a distinct feature of patients with NPM1 mutations [34, 53], and, interestingly, these 
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Sample type Upregulated miRNAs Downregulated miRNAs Reference
t(11q23)ALL versus AML miR-130, -1, -210, 

miR-128a/b
miR-223, -125a, -221, 

miR-222, -23a/b, -26, 
miR-199, -21, -23, -24, 
-27

let-7a/b/c/e

Mi et al. 2007

AML versus normal CD34+ N/A miR-130a, -135, -126, 
miR-93, -146, -106a, 
-95, miR-92, -125a, 
-155, -25, miR-96, 
-124a, -18, -20, miR-
101, -338, -371, -7d, 
miR-29b, -199b, -301

Garzon et al. 
2008a

T (11q23) versus other 
AMLs

miR-324, -339, -301, 
-99b miR-328, 
-326, -219, -194

miR-102, -34b, -15a, -30a 
miR-29b/c, -372, -196a,  
miR-331, -229, -193

Garzon et al. 
2008a

FLT3-mutated AML versus 
FLT3 wild-type AML

miR-155, -10a/b N/A Garzon et al. 
2008a

FLT3-mutated AML versus 
FLT3 wild-type AML

miR-155, -302, -133a N/A Garzon et al. 
2008b

NPM1-mutated AML versus 
NPM1 wild-type AML

miR-10a/b, -100, 
-21, -9 miR-16a/b, 
-19a/b, -18a miR-
29a/b/c, -16-1, -24 
miR-20, -17, -369, 
-106, miR-16-2, 
155, -195, -102 
miR-152, -142, 
-378, -15a miR-374, 
-98, let-7a-1/2/3, 
let-7c/d/f/g

miR-22, -192, -128a, -383, 
miR-373, -324, -373, 
-127, miR-373*, -139, 
-193b, miR-145, -498, 
-135a, -299 miR-493, 
-326, -429, -204, miR-
198, -486

Garzon et al. 
2008b

t(8;21), inv(16), t(16;16) 
AML versus other AMLs

miR-126/126*, -130a miR-17-5p, -17-3p, -18a, 
miR-19a/b, -20a, -92, 
-miR-196b

Li et al. 2008

t(15;17) versus other AMLs miR-181a/b/c/d, -100, 
-125b miR-224, 
-368, -382, -424

miR-126/126*, -422b, -10, 
miR-150, -124a, -17-5p, 
miR-20a

Li et al. 2008

t(11q23) versus other AMLs miR-10a/b, -124a, 
-196b, miR-20a, 
-19a/b, -92, -18a, 
miR-17-5p, -17-3p

miR-126/126*, -130, -224 
miR-146a, -181a/b/c/d, 
miR-382, -368, -424

Li et al. 2008

Inv(16) versus other AMLs miR-424, -199b, -365, 
-335 miR-511, 
-193a

miR-192, -296, -155, 
-148a miR-218, -135a/b, 
-196b, miR-10b, -127, 
-let-7b

Jongen-
Lavrencic 
et al. 2008

Table 8.3  miRNA identified by expression profiling in AML subtypes 
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miRNAs are located in genomic clusters with Hox genes. The correlation between 
expression of these miRNAs and Hox genes in the same AML subtypes suggests a 
common transcriptional regulatory mechanism. Furthermore, Garzon and colleagues 
reported downregulation of miR-204 and -128a as additional features of the NPM1-
mutant AML miRNA signature and showed that miR-204 directly targets HoxA10 

Sample type Upregulated miRNAs Downregulated miRNAs Reference
t(8;21) versus other AMLs miR-126* miR-19a, -221, -107, -188, 

miR-342, -338, -20b, 
-187, miR-501, -339, 
-502, -210, miR-500, 
-182, -152, -148a miR-
135a, -100, -125b, -99a 
miR-1, -133a/b, -224, 
miR-10a/b/, -196a,/b, 
let-7b, let-7c,miR-9

Jongen-
Lavrencic 
et al. 2008

t(15;17) versus other AMLs miR-130a/b, -335, 
-148a, miR-222, 
-146a, -181a/b/d 
miR-193a, -450, 
-213, -199 miR-
496, -409-5p, -497 
miR-496, -154, 
-125b, -365 miR-
369-5p, -99a, -203, 
miR-433, -323-494, 
-100 miR-370, 
-432, -224, -127 
miR-452, -299-5p, 
-376a, miR-134, 
-485-5p, -382, miR-
379, -193b

miR-196a/b,-151,-10b,
let-7c

Jongen-
Lavrencic 
et al. 2008

t(11q23) versus other AMLs miR-9, -429 miR-213,-146a Jongen-
Lavrencic 
et al. 2008

NPM1-mutated AML versus 
other AMLs

miR-10a/b, -135a, 
-196a/b, miR-152, 
let-7b

miR-99b, -143, 146a, -323 
miR-497, -320, -511, 
-450 miR-151, -494, 
-193b, -365 miR-203, 
-335, -130a, -433 miR-
126*, -485-5p, -451 
miR-299-5p, 134, -370, 
miR-379, -432, -224, 
-382 miR-376a, -424, 
-127

Jongen-
Lavrencic 
et al. 2008

FLT3-mutated AML versus 
other AMLs

miR-511, -155, -10b, 
-135a

miR-30a-3p, -203, -130a, 
miR-214, -338, -143, 
-145, miR-182

Jongen-
Lavrencic 
et al. 2008

Table 8.3 (continued) 
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and Meis1 in cell-line experiments [34]. These data suggest that miRNAs may both 
negatively regulate and be co-expressed with Hoxgenes in NPM1-mutated AML.

Several other miRNAs have been shown to be involved in the regulation of 
AML-related self-renewal pathways. For example, high levels of miR-21 expres-
sion characterize MLL-rearranged AML samples [34] and miR-21 has been shown 
to target the tumor suppressor Pten [65]. Pten has been implicated in HSC func-
tion, and loss of Pten in mice results in the development of a myeloproliferative 
disorder that progresses to acute leukemia [66, 67]. Thus, miR-21overexpression 
may, in part, promote MLL-rearranged AML by suppressing phosphatase and tensin 
homolog (PTEN) expression. MiR-21has also been recently described to be over-
expressed in primary MDS specimens as well as a transforming growth factor beta 
(TGF-β)-driven transgenic MDS mouse model characterized by anemia and throm-
bocytopenia [68]. Inhibition of miR-21in this model led to improvements in anemia 
and erythroid colony formation, suggesting that miR-21 overexpression in AML 
may promote anemia independent of direct effects on leukemic blast growth. Again, 
experiments functionally validating the role of miR-21in AML remain lacking.

Li and colleagues performed miRNA expression profiling of AML samples 
harboring CBF abnormalities (e.g., t(8;21) and inv(16)), t(15;17), or MLL 
rearrangements, identifying overexpression of miR-126/mir126* as a distinguishing 
feature of CBF AML. Overexpression of miR-126in AML cell lines led to decreased 
apoptosis and increased cell viability, while miR-126-transduced mouse normal BM 
progenitor cells exhibited enhanced proliferation and colony-forming activity, par-
ticularly when transduced in combination with the t(8;21) fusion gene ( AML-ETO). 
Thus, miR-126may cooperate with other genetic lesions to foster leukemogenesis, 
suggesting that other miRNAs may cooperate with well-described oncogenes in a 
similar manner [58, 69].

MiR-155 has been found to be upregulated in AML patients with FLT3-ITD 
mutations [52] as well as myelomonocytic and monocytic subtypes of AML [70]. 
Overexpression of miR-155 alone in mature mouse BM cells resulted in a myelo-
proliferative phenotype characterized by the expansion of granulocytes and mono-
cytes, suggesting that miR-155 contributes to the physiologic expansions of these 
cell types seen in inflammatory states [70]. While miR-155overexpression alone 
was not sufficient to induce AML, these data strongly suggest that miR-155 plays 
an important function during myeloid leukemogenesis, either by determining lin-
eage fate or by regulating proliferation and/or self-renewal of myeloid-committed 
progenitors [70].

Together, the existing miRNA expression profiling studies in AML demonstrate 
that miRNAs have a robust ability to classify AML subtypes, with differentially 
expressed miRNAs also likely playing a significant role in myeloid leukemogen-
esis. Unfortunately, few of these miRNAs have been rigorously investigated with 
respect to their functional significance in AML. Moreover, miRNA profiling has 
not yet been adopted as an adjunct to the standard molecular workup in AML, most 
likely because the information gained from such studies has not yet been rigor-
ously shown to provide actionable clinical information independent of established 
cytogenetic and molecular genetic abnormalities. Thus, validation of prognostic 
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miRNAs or miRNA signatures in independent studies incorporating cytogenetic 
and molecular genetic data will be required to fully explore the potential of miRNA 
expression profiling in the prognostication of AML. miRNAs may become clini-
cal utility in the prospective identification of clinical responders to therapy, simi-
lar to what has been shown for DNMT3a and MLL abnormalities in the context 
of daunorubicin intensification [47]. For example, Blum and colleagues reported 
that miR-29b overexpression was a robust predictor of clinical responses to the 
hypomethylating agent decitabine in AML [71]. While an independent study was 
unable to confirm this finding [72], it used a different hypomethylating agent 
(5-azacytidine) in combination with a histone deacetylase inhibitor and all-trans 
retinoic acid, both potentially confounding factors. Furthermore, in the latter study, 
miR-29bexpression was measured in samples taken from the peripheral blood, as 
opposed to the BM as in the study by Blum and colleagues. This may underscore 
the importance of cell source (e.g., BM vs. peripheral blood) and purity (e.g., total 
BM or peripheral blood vs. purified leukemic blasts or LSCs) when attempting to 
identify clinically relevant miRNAs. With further studies assessing miRNA expres-
sion prospectively in a uniformly treated and well-annotated cohort, we anticipate 
that miRNA expression will become a more prominently featured test in the clinical 
setting in the future.

4 MicroRNA Regulation of Leukemia Stem Cells

Similar to normal HSCs, LSCs are defined by their capability to self-renew and dif-
ferentiate, giving rise to both themselves and non-self-renewing leukemic progeni-
tors and blasts. Assessment for LSC function requires the use of serial transplanta-
tion models to demonstrate both the tumor-initiating and self-renewal potential of 
this population [73]. The studies reviewed above strongly suggest that miRNAs 
serve as critical regulators of molecular networks involved in leukemogenesis. It 
thus follows that such miRNAs may also confer essential cellular properties of the 
LSC. While studies comprehensively assessing the role of miRNAs in LSC function 
remain lacking, in part due to technical challenges with xenotransplantation models 
and limited primary sample availability, some studies have indirectly assessed the 
role of miRNAs in LSC function by characterizing their ability to induce increased 
self-renewal in normal HSPCs or transplantable AML or myeloid disorders in mice.

Popovic and colleagues reported that miR-196b is overexpressed specifically in 
AMLs harboring MLL rearrangements [74]. MLL leukemias are characterized by 
overexpression of Hox genes that are critical for MLL-induced leukemogenesis, in-
cluding HoxA9 and HoxA10. Binding of MLL to specific clusters of CpG islands in 
HoxA9 protects these clusters from DNA methylation [75, 76]. Mir-196blies adja-
cent to these clusters and has been shown to be regulated by MLL in the same man-
ner. MiR-196b overexpression in c-Kit + mouse BM cells increases replating po-
tential in methylcellulose and partially blocks differentiation [74], suggesting that 
miR-196 may enhance self-renewal in HSPCs. However, miR-196 has been shown 
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to target both the oncogenic genes HoxA9and Meis1, as well as the pro-apoptotic 
gene Fas during progression of oncogenic MLL-fusion-induced AML, indicating 
that miR-196 may be bifunctional, operating as both a tumor suppressor and an on-
cogene in MLL-fusion-induced leukemia [77]. Whether miR-196is required for the 
enhanced self-renewal properties of the LSCs in these leukemias remains an open 
question, and further studies will be required to fully define the role of miR-196 in 
leukemogenesis.

The miR-17–92 polycistronic cluster is frequently amplified or aberrantly ex-
pressed in various human cancers and it has been found to be highly expressed in 
MLL-fusion-associated AMLs [78]. A recent model of MLL-AF10-induced AML 
demonstrated preferential expression of this polycistron in LSC-enriched c-Kit + 
cell populations. Overexpression of all miR-17–92 polycistron members together 
except for miR-92b along with MLL-AF10led to a more aggressive leukemia and an 
increased frequency of “LSCs” as determined by in vitro colony formation. MiR-
17–92overexpression appeared to increase cell cycle entry and impair differentiation 
in these “LSCs” via suppression of CDKN1A ( p21), whose deletion phenocopied 
the MiR-17–92overexpression phenotype. Unfortunately, serial transplantation of 
miR-17–92/MLL-AF10leukemias was not performed, so a definitive assessment of 
functional LSC frequency could not be made in this study [79].

MiR-146 expression has been found to be consistently downregulated across 
multiple subtypes of AML [52], and miR-145 and miR-146aare also notable for 
their presence on the commonly deleted region of chromosome five in the 5q-sub-
type of MDS [59]. Coordinate knockdown of miR-145 and miR-146a in mouse 
HSPCs using “miRNA sponges” followed by transplantation into lethally irradiated 
recipients leads to an MDS phenotype characterized by peripheral cytopenias and 
eventual progression to acute leukemia. As discussed previously in this chapter, 
miR-145and miR-146a appear to regulate components of the innate immune re-
sponse such as TIRAPand TRAF6,respectively, and overexpression of TRAF6phe-
nocopies the miR-145/miR-146amodel in an IL-6-dependent manner. Interestingly, 
TRAF6-overexpressing mice that are IL6−/−do not develop cytopenias but still even-
tually develop AML, suggesting that TRAF6overexpression contributes to the trans-
formation of a self-renewing LSC independent of the induction of cytopenias. Thus, 
it might follow that miR-146downregulation in AML may contribute to enhanced 
LSC function, and it would be interesting to test this hypothesis by rescuing de-
creased miR-146expression in primary AML samples and/or cell lines.

As discussed previously, miR-125a and miR-125b are highly expressed in nor-
mal HSCs as well as in several AML subtypes ( MLL-fusion associated, t(8;21), and 
t(15;17)). Overexpression of miR-125b (on average, > 1,000-fold overexpression) 
in unfractionated mouse BM followed by transplantation into lethally irradiated 
recipient mice leads to the development of AML in a dose-dependent manner [21]. 
Overexpression of miR-125b in unfractionated mouse fetal liver cells at somewhat 
lower levels (~ 700-fold overexpression) followed by transplantation leads to the 
development of a B-/T-acute lymphoid leukemia in the majority of animals, with a 
low frequency of AML observed as well [80]. Overexpression of miR-125b in puri-
fied HSCs at much lower levels (~ 35-fold overexpression) leads to an expansion 
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of lymphoid-balanced and lymphoid-biased HSCs, with a concomitant expansion 
of mature lymphoid cells in mice [27]. While the oncogenic effects of miR-125bare 
thought to be at least partially mediated by direct effects on apoptotic regulators 
such as Bak, Bmf, and KLF13 [25, 27], more recent studies in myeloid cell lines 
show that miR-125 can also block myeloid differentiation in part by targeting CBFB 
and apoptosis through downregulation of multiple genes downstream of p53. MiR-
125bmay also confer a proliferative advantage in part by targeting ABTB1 [81]. The 
relevance of each of these miR-125btargets in each particular overexpression model 
remains to be determined.

Together, these data indicate that the molecular pathways dysregulated by miR-
125b overexpression are sufficient to drive leukemic transformation, but that this 
leukemogenic effect is highly dependent on cell context and level of expression. 
Very high levels of overexpression likely drive transformation of progenitor popu-
lations, with lineage bias dependent on the cell type utilized and age of the hema-
topoietic tissue (e.g., the increased myeloid lineage bias of HSPCs with age [82] 
may account for the predilection for myeloid leukemias to arise from adult BM). 
However, such high expression levels are less likely to be physiologically relevant, 
and the ~ 35-fold overexpression used in the study by Ooi and colleagues may more 
accurately reflect overexpression levels seen in primary human AML. Whether the 
enhanced self-renewal and lymphoid lineage bias conferred by miR-125bin normal 
HSCs is also relevant to LSCs remains to be tested. A compelling model might be 
one in which miR-125boverexpression at relatively low levels is sufficient to expand 
HSCs without the accompanying exhaustion that is seen with overexpression or de-
letion of strong oncogenes or tumor suppressors such as K-ras [83] and PTEN [66]. 
This might allow for the accumulation of “pre-leukemic HSCs” that can accumulate 
and propagate cooperating leukemogenic lesions through continued self-renewal 
and expansion. Overexpression or knockdown of miR-125b in primary AML xe-
nografts or transgenic mouse leukemia models will be necessary to determine the 
relative contribution of miR-125b to transformation and maintenance of the LSC.

While perturbing the expression of a number of specific miRNAs is sufficient to 
initiate leukemia, relatively few of the models emanating from this approach have 
been evaluated rigorously with respect to the biologic events occurring during early 
disease pathogenesis. Han et al. transduced mouse HSPCs to overexpress miR-29a 
followed by transplantation into lethally irradiated recipients, with a resultant my-
eloproliferative disorder that progressed to AML. A key finding in this study was 
the induction of aberrant self-renewal in committed myeloid progenitors (CMP and 
GMP), as assayed by serial transplantation. Acquisition of aberrant self-renewal in 
these committed progenitors occurred as early as 4 weeks after transduction and 
transplantation of HSPCs, suggesting that this is an early event in disease initiation 
that does not require additional cooperating genetic lesions. Induction of self-re-
newal in the transformed progenitors was accompanied by increased cell cycle pro-
gression, postulated to be due in part to downregulation of the cell cycle regulator 
(and predicted miR-29atarget) HBP1 [28]. While miR-29a overexpression induces 
AML in vivo, overexpression of miR-29a/b in both K562 and Kasumi-1 AML cell 
lines causes decreased proliferation and increased apoptosis [84]. Thus, it is likely 
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that the biologic effects of miR-29 vary depending on the stage of leukemogenesis 
(i.e., miR-29amay be necessary for leukemia initiation but not maintenance), the 
cell population evaluated, and/or differential response to the presence of stromal 
factors. Differences in phenotypes induced by different miR-29 family members 
may also be explained by differing subcellular localization, as miR-29b contains a 
nuclear localization signal and miR-29a does not [85]. Nevertheless, miR-29a was 
the first miRNA to be formally shown to confer self-renewal to HSPC populations 
that do not usually self-renew. This acquisition of aberrant self-renewal represents a 
critical step in development of the LSC, but other genetic lesions are likely required 
for full leukemic transformation (not assessed in this study; Fig. 8.1). Future studies 
are needed to identify genetic lesions that cooperate with miR-29ato induce AML 
as well to assess the ability of other AML-associated miRNAs to confer aberrant 
self-renewal to HSPCs. Together, such studies promise to provide a more robust 
understanding of miRNA function in LSCs.

Fig. 8.1  The role of microRNAs in hematopoietic stem cell (HSC) and leukemic stem cell (LSC) 
function. HSC/progenitor cells (LMPP, CMP, and GMP) are hypothesized to undergo transfor-
mation to become leukemic stem cells. Each of the indicated microRNAs has been shown to be 
involved in the pathogenesis of acute myeloid leukemia in the mouse. See the text for details. HSC 
hematopoietic stem cell, LSC leukemic stem cell, MPP multipotent progenitor, LMPP lymphoid-
primed multipotential progenitors, CMP common myeloid progenitor, MEP megakaryocyte-ery-
throid progenitor, GMP granulocyte-macrophage progenitor, CLP common lymphoid progenitor, 
NK natural killer cell
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5 Conclusions and Future Directions

Since the discovery of miRNAs in 1993 [10], tremendous progress has been made 
in identifying miRNAs expressed in normal and malignant hematopoiesis. Based on 
studies presented here, miRNAs clearly play an important regulatory role in normal 
HSC function as well as in the transformation of HSCs and/or progenitor cells to 
LSCs (e.g., miR-125, miR-29, and miR-155).

Large-scale miRNA expression profiling studies have largely correlated the ex-
pression of specific miRNAs to AML subtypes. Although there are several miRNAs 
that show promise in their ability to provide prognostic information in AML, it 
remains to be seen whether these will meaningfully add to existing clinical treat-
ment algorithms that already incorporate cytogenetic and molecular genetic data. It 
is also important to note the significant limitations of existing profiling studies. In 
many of these studies, leukemic cells were not highly purified from normal hema-
topoietic cells prior to the measurement of miRNA expression, thereby potentially 
contaminating leukemic miRNA expression signatures with those of non-leukemic 
cells. The functional relevance of miRNAs identified in these profiling studies re-
mains largely unclear, and since each miRNA has many different mRNA targets, 
it will be important to use bioinformatic prediction tools, paired miRNA:mRNA 
expression data sets from the same samples, and experimental validation to identify 
truly disease-relevant, functional miRNA:mRNA interactions. Such analyses prom-
ise to better identify more powerful disease biomarkers and bona fide therapeutic 
targets in AML. In addition, identification of highly relevant miRNAs may require 
integration of miRNA and mRNA profiling studies with various complementary 
approaches including CHIP-Seq and epigenome studies in different AML subtypes 
in order to understand how miRNAs may interact with and regulate these other 
networks within the context of disease.

While there is strong evidence that miRNAs are biologically relevant in primi-
tive hematopoietic cell populations, it is unclear whether they can be efficiently 
targeted for therapeutic benefit. Recent studies have shown that miRNAs can be ef-
fectively targeted in vivo with antagomir therapeutics to treat hepatic tumors [86] or 
mammary tumors [87] but it remains to be proven that such strategies can penetrate 
the BM sufficiently to treat leukemia.

Unfortunately, none of the currently published studies has rigorously charac-
terized the specific function(s) of miRNAs in LSCs. Existing studies are largely 
limited to overexpression and knockdown of miRNAs in HSPCs in serial replating 
or in vivo transplantation assays, and a truly quantitative assessment of the effect 
of miRNA dysregulation on LSC function and early disease pathogenesis remains 
lacking. A more rigorous study of the effects of miRNA dysregulation in existing 
mouse models is necessary, along with the development of refined techniques to 
xenograft and perturb miRNA expression in primary human AML specimens. Such 
experimental progress will help to define the relative contributions of miRNAs in 
LSC development and potentially identify promising candidates for therapeutic 
approaches.
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Abstract MicroRNA abnormalities are involved in the development and progres-
sion of chronic lymphocytic leukemia (CLL). In the majority of CLL malignant clus-
ter of differentiation CD5+ (B-1) clones, the expression of miR-15a/16 is decreased 
relative to polyclonal CD5− (B-2) cells. Levels of the anti-apoptotic protein, bcl-2, 
correlate with the deletion of the Dleu2 region on chromosome 13q14 containing the 
mir-15a/16-1 loci. The expansion of CD5+ B cells and development of B-1 clones 
usually precedes CLL disease and is referred to as monoclonal B lymphocytosis 
(MBL). An early event in MBL may decrease miR-15a/16 expression. In the New 
Zealand black mouse model of CLL, there is a mutation in the mir-15a/16-1 loci 
resulting in decreased expression of miR-15a/16 due to a processing defect. Since 
this is a germline mutation, induced pluripotent stem cells and hematopoietic stem 
cells were employed to determine the role of decreased miR-15a/16 on B-1 lineage 
development. Enforced overexpression of miR-15a/16 leads to almost exclusive 
B-2 development. These results suggest that decreased miR-15a/16 is critical for the 
development of B-1 cells and the progression to malignant B-1 clonal expansion.
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1 CLL and MicroRNAs

RNAs, in addition to encoding messenger RNA (mRNA) that can be translated 
into proteins, also serve as regulatory elements. MicroRNAs (miRNAs) are small 
(20–22 nt), evolutionarily conserved, noncoding single-stranded RNAs discovered 
in the 1990s [53, 103], mainly functioning to target the 3′ untranslated region (UTR) 
of mRNAs in antisense sequence-specific way and regulate genes posttranscription-
ally for degradation or translation suppression [31]. The majority of miRNAs are 
first transcribed by RNA polymerase II in the nucleus as large primary transcript 
(pri-miRNA) [47] and further processed into ~ 70 nt pre-miRNA with a hairpin 
structure by Drosha, an RNase-III type endonuclease (RN3) in the nucleus. In the 
cytoplasm, ~ 20 bp miRNA/miRNA* duplex are generated by Dicer and one of the 
miRNA strands is incorporated into the RNA-induced silencing complex (RISC) [5, 
23, 57, 64, 80]. The RISC is composed of Argonaute (Ago) proteins and GW182 
proteins which localize in the cytoplasmic foci called processing bodies (P bodies or 
GW bodies), wherein mRNA may be sequestered from being translated [18, 25, 26, 
72]. miRNAs are critical regulators of cell programming, proliferation, activation, 
and apoptosis, which are all critical for cancer development. Abnormal miRNA ex-
pression has been found in chronic lymphocytic leukemia (CLL) (reviewed in [69]).

In CLL, there is dysregulation of several miRNAs including decreased miR-
15a/16, miR-34 cluster, miR-181a/b, and miR-125b [7–9, 89, 99, 106]. The CLL 
malignant B-1 clones have chromosomal alterations and the regions involved con-
tain miRNAs. The 11q23 deletions contain the miR-34b/c cluster and the 13q14 
deletions contain the mir-15a/16-1 region [20, 89]. The resultant elevated miRNA 
target gene expression usually involves proliferation and anti-apoptotic pathways. 
Decreased miR-181, which normally targets Tcl1, results in highly elevated Tcl1, 
which is found in aggressive CLL [74]. Decreased miR-34 expression, which nor-
mally targets Zap70, would result in increased Zap70 found in aggressive CLL [27]. 
The miRNA profile of CLL cells is similar to the microRNA levels observed in ac-
tivated B cells [54]. The miR-29 expression is decreased in aggressive CLL, while 
it is increased in indolent CLL as compared to normal volunteers [74, 92]. Thus, 
the same miRNA can function as both an oncogene and a tumor suppressor in CLL. 
miR-155, miR-150, and miR-21 expression is increased in B-chronic lymphocytic 
leukemia (B-CLL) cells as compared to normal B cells [9, 32]. miR-155 overex-
pression has been associated with CLL [17] and been shown to target DNA repair 
mechanisms, particularly mismatch repair [100, 101]. While miRNA abnormalities 
are present in CLL, this chapter focuses on decreased expression of miR-15a/16 as 
a critical initial event in CLL development. Decreased miR-15a/16 and deletions 
involving this region are found in other malignancies in addition to CLL [28, 95], 
suggesting that the loss of mir-15a/16-1 loci, which normally acts as a tumor sup-
pressor, is a critical event in the development of malignancies.

CLL is characterized by the accumulation of malignant cluster of differentia-
tion CD5+ B cells (B-1; CD5+CD19+CD20dullCD23+IgMdull) in peripheral lymphoid 
organs, bone marrow (BM), and peripheral blood [40]. It accounts for 30 % of all 
leukemia in the western world, making it the most common lymphoid malignancy. 
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This is an age-associated leukemia with a peak onset in the sixth decade. CLL is 
preceded by a precursor state, monoclonal B lymphocytosis, MBL [50, 51, 61, 83, 
86]. CLL is broadly classified into aggressive (Zap70hi unmutated IgH) and in-
dolent (Zap70low mutated IgH) [37]. CLL cells have genomic instability, chromo-
somal alterations, and several characteristic genetic abnormalities. These include 
trisomy 12 and deletions of 11q, 13q14, and 17p [19]. The deletions on the 13q14 
region of patients with CLL are heterogeneous and studies have indicated that the 
minimal deleted region (MDR) encompasses the DLEU2 gene, which contains the 
mir-15a/16-1 region within an intronic region of the host gene, DLEU2 [14, 67, 
87]. Recent reports have found rare cases of 13q14 deletions, which did not involve 
the DLEU2 region containing the mir-15a/16-1 loci but only the DLEU1 [24]. In 
some CLL patients, a larger region of chromosome 13q is involved and a common 
deleted region (CDR) has been identified that includes DLUE1, DLEU7,and RNAS-
EH2B with only decreased DLEU7 transcript associated with CLL, and considered 
to be an additional tumor suppressor gene in addition to miR-15a/16 [41]. Studies 
have indicated that in the precursor states of CLL and MBL, one of the consistent 
features is decreased miR-15a/16 and in the majority of CLL patients, levels of 
miR-15a/16 are decreased [29]. Decreased levels of miR-15a/16 are critical for the 
development of the B-1 clone, which eventually can progress to CLL.

Decreased miR-15a/16 confers a growth advantage as these miRNAs target key 
cell cycle regulatory and anti-apoptotic proteins such as cyclin D1 and Bcl2 [6, 13]. 
In this chapter, the role of decreased miR-15a/16 in the commitment to become B-1 
lineage cells (the cells that give rise to CLL), the development of the precursor state 
MBL, and the progression to the malignant state, CLL, will be the focus. While 
much more information about the expression of these miRNAs in isolated subpopu-
lations of cells is needed, insights can be drawn from the literature and preliminary 
studies in a de novo mouse model of CLL, the New Zealand black (NZB) mouse 
model [63, 78, 81, 82, 91, 93].

1.1 The Precursor State: Monoclonal B Lymphocytosis

There is a precursor state of CLL, referred to as monoclonal B lymphocytosis (MBL) 
[33, 34, 60, 61, 68, 96]. This is defined by lymphocytosis with a count of less than 
5 × 109/L and no clinical features of CLL [60]. MBL with B cell expansions of cells 
with the surface markers consistent with CLL (CLL-like-MBL) is the major focus 
of this chapter. In addition to the MBL cases identified with an increase in absolute 
number of lymphocytes, there are additional types of MBL including low-count 
MBL in which monoclonal CLL-like lymphocytes are found in an environment 
of polyclonal B lymphocytes [85], and a typical MBL which can be CD20bright. 
Interestingly, MBL has been found to increase with age and be more prevalent in 
males than in females (both features of CLL). MBL is also increased in relatives 
of patients with CLL [33, 62]. Since only a small percentage of MBL progresses to 
CLL (1–5 % per year) [33, 84, 88], identification of individuals with clones that will 
progress to CLL would give insight into the mechanism of disease development. 
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Some MBLs may represent the expansion of several different clones [49], and the 
development of CLL may start from an oligoclonal state with one clone progressing 
and eventually becoming the dominant clone [15]. One of the questions is, what 
determines the dominant clone and what is the mechanism that drives the B-1 clone 
to expand to become the CLL state?

In terms of the role of decreased miR-15a/16 in the development of MBL, indi-
viduals with MBL have a high rate of 13q14 deletions (resulting in decreased miR-
15a/16). This is true for CLL-like MBL as well as low-count MBL. Since MBL is 
the precursor state of CLL, the findings of 13q14 deletions in MBL support that 
decreased levels of miR-15a/16 may be critical for B-1 clonal development. While 
13q14 deletions are consistently found in MBL, not all the cytogenetic abnormali-
ties found in CLL patients are found in MBL cases, and 17p and trisomy 12 are 
infrequent relative to the occurrence of these abnormalities in CLL [29].

Insights from this precursor state of CLL suggest that the development of long-
lived clonal populations of CLL cells is a “natural” occurrence and may depend 
upon reduced miR-15a/16 to support this clonal expansion. A recent article found 
that in non-cancer patients over the age of 50, there was an increase in cells with 
a deletion in the 13q14 region often resulting in deleted mir-15a/16-1 [52]. Other 
events (additional mutations, etc.) that eventually lead to CLL development may oc-
cur and be required, but what emerges from these studies of MBL is that decreased 
miR-15a/16 may be a critical first step toward CLL progression. Since a major 
target of miR-15a/16 is the anti-apoptotic gene bcl-2 transcript, increased bcl-2 is 
associated with 13q14 (containing the mir-15a/16-1 loci) deletions in humans. The 
increased bcl-2 in the MBL clone is most consistent with decreased expression of 
miR-15a/16 in the MBL clone relative to the miR-15a/16 expression in the poly-
clonal B cells. While decreased miR-15a/16 expression as the sole abnormality may 
lead to indolent CLL, this most likely is also responsible for the existence of the 
precursor state, MBL. These B-1 clones in MBL with decreased miR-15a/16 most 
likely would eventually develop into CLL, given enough time to accumulate due to 
the failure to undergo apoptosis or if additional alterations are acquired.

1.2 CLL and miR-15a/16 Levels

In CLL, 70 % of patients have at least monoallelic 13q14 deletions (del13qX1) and 
19 % have biallelic 13q14 deletions (del13qX2) (DeWald 2003). Nevertheless, as 
CLL progresses, the increase in the percentage of cells with 13q14 deletions as 
well as an increase in biallelic deletions in the 13q14 region occur. Malignant B-1 
cells from CLL patients with biallelic 13q14 deletions (del13qX2) have signifi-
cantly faster growth kinetics than CLL patients with monoallelic 13q14 deletions 
(del13qX1) (Pfeifer D 2007). In CLL patients, the miR15a and miR16 levels are 
lower in patients with monoallelic deletions of 13q14 (del13qX1) when compared 
to patients with no 13q14 deletions (Smonskey 2012). In the CLL patient shown 
in Fig. 9.1, peripheral blood mononucleated cell (PBMC) obtained from two time 
points were subjected to fluorescence in situ hybridization (FISH) analysis for 
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13q14 status. At the later time point, the percentage of malignant B-1 cells that 
were homozygous for the 13q14 deletion (del13qX2) increased. This indicates that 
the malignant clonal progressed from monoallelic deletion to biallelic deletion. 

Timepoint # 1 Timepoint # 2 
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Fig. 9.1  Progressive loss of 13q14 ( mir-15a/16-1loci) found in CLL: Decreased miR-15a and 
miR-16 favors CLL progression. CLL patient peripheral blood cells were stained with CD5, CD20, 
CD19, CD3, and intracellular bcl-2. B clonal cells were obtained by gating on CD20dimCD5+ 
cells. Bcl-2 was evaluated on the gated clonal cells. Upper two color contour plots show bcl-2 
versus CD5 obtained from the same patient at two different time points. Lower single histograms 
show bimodal and unimodal bcl-2 expression at the two time points. At time point #1, the 13q14 
status was 40 % 13q14+/− (del13qX1), 53 % 13q14−/− (del13qX2). At the later time point #2, 
86 % of the cells had deleted both alleles (del13qX2) and were 13q14−/−. Decreased miR-15a/16 
levels correlated with increased bcl-2 levels. At time point #1, there are two populations of B-1 
cells based on bcl-2 levels, the population that represents cells with one allele remaining of the 
13q14 loci had lower levels of bcl-2 than the second population of malignant B-1 cells with higher 
levels of bcl-2 associated with the loss of both alleles of the 13q14 loci (indicated by arrow). With 
disease progression, the majority of the CLL cells have decreased miR-15a/16 as a result of bial-
lelic deletions (del13qX2) resulting in only the bright bcl-2 malignant cell population remaining
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Previous studies have also shown progression from monoallelic to biallelic dele-
tions [12]. The B cells were analyzed for intracellular bcl-2, an important target of 
miR-15a/16 (Fig. 9.1). The homozygous 13q14–/– (del13qX2) cells can be detected 
as an increase in cells expressing the target gene, bcl-2. The biallelic deletion of the 
13q14 region results in further decreased expression of miR-15a/16 that targets bcl-
2 resulting in increased bcl-2 protein levels. While these results are consistent with 
the previous findings that miR-15a/16 levels are directly related to 13q14 status 
(and decrease during progression from monoallelic to biallelic deletions of 13q14), 
other epigenetic factors serve to further decrease the levels of miR-15a/16 levels in 
the monoallelic state [66].

Clonal heterogeneity has been found in CLL. This may represent the presence 
of two independent clones or more commonly represent subclones derived from 
an original clone. These subclones differ in the expression of surface markers as 
well as the level of miR-15a/16 expression and 13q14 status. As shown in Fig. 9.2, 
peripheral blood analysis of a CLL patient demonstrated the presence of three sub-
clones, which differed in light chain expression and CD20 expression. The kappa-
expressing clone had lower levels of bcl-2 expression. This is consistent with the 
miR-15a/16 status, since in the kappa expression subclone, the majority of the ma-
lignant B-1 cells had only deleted one of the 13q14 loci. The mechanism that leads 
to interclonal variability in CLL is unclear. Recent studies employing IgH sequence 
analysis suggest that most of the subclones in CLL are derived from an initial clone. 
Many of these subclones involve single IgH mutations that may lead to a subclone 
without diminished capacity to expand relative to the initial clone, or vice versa.

Based on the limited immunoglobulin variable (IgVH) repertoire of both CLL 
patients and the NZB mouse model of CLL, it is most likely that CLL precursors 
originate from B cells that produce natural antibodies that bind to antigens dis-
played on apoptotic cells and self-like microbial peptides [21]. The presence of 
subsets of CLL patients based on the IgVH mutational status suggests that different 
maturational stages can be converted to CLL cells. Recent studies have suggested 
that the production of activation-induced deaminase (AID), which induces DNA 
double-strand breaks and is responsible for IgVH mutations, is found in actively 
dividing CLL cells, particularly in the unmutated CLL subset. However, the AID in 
this subset may be inhibited from leading to the accumulation of IgVH mutations. 
Nevertheless, the expression of AID may be responsible for clonal evolution as well 
as the accumulation of additional genomic alterations due to the off-target effects 
of AID [73].

1.3 NZB As a Murine Model of CLL

There are several murine models of CLL (reviewed in [93]). Several of these mod-
els which do not directly involve decreased miR-15a/16 result in increased ex-
pression of targets of miR-15a/16. The tumor necrosis factor receptor-associated 
factor (TRAF) DN/bcl-2 model [76, 104] which has a clonal B-1 expansion and 
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splenomegaly involves increased expression of the anti-apoptotic gene, bcl-2, 
which normally is targeted by miR-15a/16, suggesting that increasing the miR-
15a/16 target bypasses the need to have decreased miR-15a/16 expression. Focus-
ing on mouse models with decreased miR-15a/16, there are several models linked to 
the murine chromosome 14, which has synteny with human 13q14. We have found 
that the NZB mice spontaneously develop B-1 malignancies as they age and are a 
de novo murine model of CLL [78, 79, 82] (Fig. 9.3). The NZB mice initially have 
an oligoclonal expansion of the B-1 population and, in the majority of year-old NZB 
mice, an eventual single clone dominates. This has similarities to a subpopulation 
of human MBL cases in which more than one B-1 clone is present. In addition, we 
have linked the development of CLL in NZB mice to a mutation in the mir-15a/16-1 
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Fig. 9.2  Clonal heterogeneity in CLL patient. PBMC cells from a single CLL patient were stained 
with CD45, CD3, CD5, CD20, kappa, lambda, and intracellular bcl-2. CD45+ cells were gated 
on CD3− and further gated into CD5+, CD20+ (B-1 cells). This population was found to contain 
two subclones distinguished on the basis of kappa and lambda expression. The lambda expression 
cells could be further distinguished into two subpopulations based upon CD20 expression. The 
lambda-expressing cells were sorted and analyzed for 13q14 status and found to be mainly (69 %) 
13q14−/− (del13qX2), while the kappa-expressing population was mainly 13q14+/− (del13qX1). 
This correlated with the bcl-2 levels along with the lambda-expressing malignant B-1 subclone 
having higher bcl-2 levels than the kappa-expressing malignant B-1 subclone
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loci associated with decreased expression of miR-15a and miR-16 [82] (Fig. 9.3). 
Moreover targeted deletion of the mir-15a/16-1 loci or a larger surrounding MDR 
led to the development of CLL in mice, further confirming the tumor suppressor 
function of this locus [48].

2  MicroRNAs in Hematopoietic Stem Cells in CLL 
and the NZB Mouse Model

Multiple evidences suggest that miRNAs play a significant role in the posttranscrip-
tional genetic regulation in stem and progenitor cells. miR profiling is critical in or-
der to distinguish stem cells of different origins, developmental stages, and genetic 
conditions [3]. Recent studies have demonstrated a causative role for miRNAs in 
malignant disease development in the hematopoietic system. For instance, over-
expression of miR-155 or miR-29a in the mouse hematopoietic system leads to a 
myeloproliferative disorder [71] or leukemia [42], respectively. In another study on 
human umbilical cord blood, two particular miRs, miR-520h and miR-526b* levels 
appeared to be elevated. Interestingly, adenosine triphosphate-binding cassette sub-
family G member 2 (ABCG2), an important factor of stem cells’ maintenance, is a 
known target of hsa-miR-520h [55].

In CLL, insight into the possibility that the hematopoietic stem cells (HSCs) 
may already be abnormal has come from studies of xenogenic transplants in which 

a
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c

Fig. 9.3  The NZB model of CLL. a Flow cytometric profiles of B-1 cells (indicated by red box) 
from 11-month-old control strain and NZB mice spleen stained for CD5 and IgM. b Percentage 
of B-1 cells in the spleens of NZB and C57 mice at the indicated ages of study. c Scheme of the 
genetic regions containing the mir-15a/16-1 loci in humans and mice. Locations of identified 
mutations are indicated by asterisk
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CLL HSCs are transplanted into nonobese diabetic/severe combined immunode-
ficiency (NOD/SCID) recipients [46]. These resultant chimeras demonstrate that 
the HSCs (not the malignant B-1 cells) from CLL patients have the ability to give 
rise to monoclonal and oligoclonal B-1 cells. Analysis of the IgH has indicated that 
these B-1 clones that develop in the NOD/SCIDs, while clonal, are not the same as 
the malignant clone of B-1 cells present in the original patient. This suggests that 
clonal development of B-1 cells is abnormal in CLL cells. The question remains 
if decreased miR-15a/16 levels are a prerequisite for the aberrant HSC propensity 
to give rise to B-1 clonal development of B-1 cells. Previous data have suggested 
that there is gradual epigenetic silencing of the region containing the mir-15a/16-1 
loci which may supersede the deletions of 13q14 region [66]. Thus, the HSCs from 
CLL patients may already have abnormal regulation of miR15a/16. While the HSC 
cell does not express miR-15a/16, commitment to the B lineage cells does require 
expression of miR-15a/16. The level of expression may determine the type of B cell 
that develops.

Our studies employing the NZB mouse model of CLL have shed insight into the 
ability of HSCs to give rise to B-1 cells. Purified HSC cells (lin-, CD105+) were 
obtained by flow cytometric sorting and injected into sublethally irradiated NOD/
SCID recipients. The NZB stem cells gave rise to more B-1 lineage cells than did 
the non-NZB donors (Fig. 9.4). This was in part related to the levels of miR-15a/16 
since the (NZB × DBA/2  ((DBA/2))) F1 donor (which has intermediate levels of 
miR-15a/16). Given that commitment of the multipotential progenitor cell to the B 
lineage is a stochastic process rather than a deterministic process [70], expression of 
moderate levels of miR-15a/16 may be critical for commitment to the B-1 lineage 
and higher levels of miR-15a/16 may lead to B-2 commitment. Recent studies have 
demonstrated that an important target of miR-15a/16 is RNF4 [43], which has been 
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Fig. 9.4  Loss of repopulation of B-2 and increase in B-1 repopulation in NOD/SCID injected 
with BM HSCs from NZB mice which have germline mutation in mir-15a/16-1 loci. HSCs (lin-, 
CD105+, c-kit+, Sca-1+) were obtained from the BM of three different strains: the inbred NZB, 
the inbred DBA/2, and the F1 intercross (NZB × DBA/2) F1. NOD/SCID recipients were suble-
thally irradiated (450 rads) followed by an injection of 2 × 105 HSCs (purified by flow cytometric 
sorting). Post-repopulation analysis (day 46) flow cytometric data are shown for the peritoneal 
washout cells (PWCs)
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shown to drive HSC differentiation away from the erythroid and myeloid lineages. 
These data support the concept that commitment to the B-1 lineage is abnormal as 
early as the lineage commitment of the HSC differentiation and that decreased but 
not absent miR-15a/16 may have a stronger effect on the type of B-lineage commit-
ment (i.e., B-1 higher than B-2). Recent studies of individual HSCs from adult mu-
rine BM have demonstrated that HSCs that give rise to the B-1a (CD5+) are distinct 
and rarer than HSCs that give rise to other B subpopulations [35].

3 ES/iPS Cells

To further determine if abnormalities that give rise to CLL are present in very early 
B lineage precursor cells or even in HSCs, we evaluated the pluripotent stem cell. 
In 2006, direct reprogramming of fibroblasts to pluripotent stem cells was accom-
plished by introducing four transcription factors, Oct4, Sox3, Klf4,and cMyc,that 
are important for self-renewal of embryonic stem cells (ESs) and have been shown 
to reprogram both mouse and human somatic cells into ES-like pluripotent cells 
referred to induced pluripotent stem cells (iPSs) [97]. With iPS technology, genetic 
alterations can be introduced to explore disease mechanisms and points of interven-
tion both in vitro and in vivo. miRNAs are involved in the regulation of many bio-
logical processes, including the stem cells’ self-renewal and pluripotency [65, 98]. 
It is known that the expression of ES-specific miRNAs, such as miR-294, promotes 
iPS cell induction from somatic cells [59]. Recently, it has even been demonstrated 
that expression of the miR-302/367 cluster can directly reprogram somatic cells to 
a pluripotent stem-cell state in the absence of the commonly used reprogramming 
factors [2]. Alternatively, specific miRNAs need to be expressed in order for ES/iPS 
differentiation. MiR-145 has been shown to induce ES cell differentiation by inhib-
iting the expression of Sox2, Oct4, Klf4, and c-Myc, key reprogramming factors, 
and led to an increase of HSC number in vivo by more than eightfold [4, 38, 90].

We have generated iPSs from NZB spleen stromal fibroblasts by means of lenti-
viral delivery of three factors Oct4, Sox2, and Klf4 in a single polycistronic vector. 
After 4 weeks in culture medium supplemented with small molecules (glycogen 
synthase kinase (GSK)-3b and mitogen activated protein kinase kinase (MEK) 
 inhibitors), we were able to see ES-like colonies which stained positive for alkaline 
phosphatase and stage-specific embryonic antigen (SSEA)-1 surface antigen. Colo-
nies were picked and expanded for further analysis. Reverse transcription poly-
merase chain reaction (RT-PCR) assay showed the expression of basic endogenous 
pluripotency genes such as Oct4, Sox2, Klf4, cMyc, and Nanog. The pluripotent 
capacity of NZB iPS cells was further successfully confirmed by the teratoma for-
mation assay in NOD/SCID recipient mice. These iPS cells were then efficiently 
transduced with lentiviral vector expressing wild-type miR-15a/16 gene (Fig. 9.5). 
Increased expression of miR-15a/16 in NZB iPS cells did not alter the expression 
of pluripotency markers Nanog and Oct4. Control (wild-type/C57Bl/6) and NZB-
derived iPS cells; both NZB iPS and NZB iPS transduced with miR-15a/16, were 
allowed to form spheroid embryoid bodies (EBs; Fig. 9.5). The NZB iPS cells 
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formed EB bodies not yet committed to a lineage. The EB bodies with constitutive 
overexpression of miR-15a/16 had a population of cells already committed to the 
B-lineage. The NZB iPS with enforced miR-15a/16 expression formed embryoid 
bodies with a subpopulation which expressed elevated expression of the B-lineage 
marker, B220 (B-cell isoform of CD45), suggesting that high early expression of 
miR-15a/16 led to B-lineage commitment. This is consistent with the findings of 
others that miRNAs play an important role in the regulation of B cell development 
[30]. However, the timing of the expression of miRNAs is critical in determining 
the fate of HSC. For instance, miR-150 is sharply elevated in immature B cells but 
enforced overexpression of miR-150 in HSCs leads to impairment of B-lineage 
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Fig. 9.5  Analysis of B lineage markers on EBs in vitro. The iPS cells were generated as previously 
described using lentivirus to deliver Oct-4, Sox-2, and c-kit. The iPS cells were maintained for 
several weeks in culture. A subclone of iPS cells was derived from the NZB by transfecting the iPS 
with a lentivirus containing green fluorescent protein (GFP) and miR-15a/16.To obtain a stably 
expressing NZB iPS miR-15a/16, GFP-positive cells were selected by flow cytometric sorting and 
maintained in culture. The miR-15a/16 levels (TaqMan RT-PCR relative expression) were mea-
sured in extracted RNA from the iPS cells or ESs ( upper panel) and compared to the miR-15a/16 
levels in an NZB-derived malignant B-1 cell line [75] or a control (non-NZB-derived B-cell line, 
A20). EBs were formed from iPS derived from either C57Bl6 tail-tip fibroblasts (WT-iPS) or NZB 
tail-tip fibroblasts and analyzed for surface marker expression ( lower panel). Only NZB iPS cells 
which constitutively express high levels of miR-15a/16 (not regulated by differentiation factors) 
have an unusual pro-B cell population (Ueda Y 2007), which is CD93+, B220dull, and IgM–
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development [105]. Similarly, ectopic expression of miR-181 in HSCs resulted in 
more than a twofold increase in cells of the B-lymphoid lineage [10]. These results 
suggest that the type of miRNA and the level of expression play a critical role in 
B cell differentiation. Our results suggest that forced expression of miR-15a/16 
increases B-lineage commitment, but regulation of the level of miR-15a/16 may be 
critical for determining the B subpopulation.

To further elucidate the role of miR-15a/16 on the type of B cell, which results 
from iPS differentiation in the presence of forced expression of miR-15a/16, iPS 
cells were driven toward B lineage development in vitro. We compared NZB iPS 
cells (with genetically controlled low-level miR-15a/16 expression) versus NZB 
iPS with forced miR-15a/16 expression. Our preliminary data suggest that exoge-
nously delivered miR-15a/16 affects B cell differentiation resulting in expression of 
higher levels of B220 (CD45R) and low to negative levels of CD5 surface marker, 
suggesting a loss of B-1 lineage cells in the presence of high levels of miR-15a/16 
(Fig. 9.6). In the NZB model of CLL, there is a genetically determined low level 
of miR-15a/16, which strongly supports B-1 lineage commitment and negatively 
affects B-2 lineage commitment (Fig. 9.6). In human CLL, BM-derived HSCs dis-
played lymphoid lineage priming and produced a high number of B progenitors 
in vitro and B-1 cells following transfer to NOD/SCIDs [46]. These same authors 
found an increase in the BM of CLL patients in the percentage of pro-B cells rela-
tive to non-CLL BM. Although these studies did not involve the analysis of miR-
15a/16 levels as the CLL HSCs differentiated to B cells, these HSCs may already 
have an epigenetically regulated silencing of the mir-15a/16-1 loci as suggested by 
others [66]. This would be consistent with our finding that the NZB has an increased 
differentiation into B-1 cells and forced increased expression of miR-15a/16 drives 
the B differentiation toward the B-2 lineage and not the B-1.

4 Side Population Cells in CLL

In many cancers, the presence of a cancer progenitor or cancer stem cell has been 
identified [11, 16, 22]. This is a critical finding since these cells are most often che-
moresistant and, despite successive depletion of the cancer, the cancer stem cells 
may eventually give rise to new cancer cells. The search for a cancer stem cell in 
CLL has not elucidated this population, but studies of xenogenic transplantation of 
HSCs from CLL patients have suggested that even at the HSC level the propensity 
to develop B-1 clones [46]. Another population, referred to as side population (SP), 
has been shown to contain immature and undifferentiated cells, many of which have 
stem-cell markers [45]. In CLL, there is an increase in this stem-cell-like popula-
tion, the SP [36, 39, 44], which is identified by flow cytometry due to their ability 
to extrude the dye, Hoechst 33342. Verification of SP phenotype is accomplished 
by the loss of this population when verapamil is added [94]. The SP cells in the BM 
are enriched in HSC population and, for some solid tumors, cancer stem cells are 
enriched in the SP cells [56]. SP cells have the ability to extrude Hoechst dye and 
chemotherapeutic agents because of the elevated expression of the ABC transporter 
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family members including the multidrug resistance gene 1 (MDR1) and ABCG2 
[77, 94]. Despite these studies, other studies have not found HSCs or increased 
expression of ABCG2 in SP cells [1].
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Fig. 9.6  In vitro differentiation of NZB iPS cells toward B cell lineage. Two types of NZB iPS 
cells were grown for 27 days in pre-B methocult to allow differentiation of B cells. NZB iPS cells 
have a germline-encoded mutation in the mir-15a/16-1loci leading to a processing error, which 
results in decreased ability to generate mature miR-15a/16 from the precursor molecules. NZB 
iPS cells were transfected with a lentiviral construct, sorted on the basis of GFP expression and 
also subjected to culture conditions to induce differentiation to B lineage cells. The cells were 
stained with antibodies that recognize B220 ( upper panel) and CD5 ( middle panel) before and 
after differentiation in pre-B methocult for 27 days. The NZB iPS cells expressing high levels 
of miR-15a/16 were induced to express high levels of B220 (even prior to expansion in B-cell 
differentiation media). The NZB iPS cells gave rise to mainly B-1a and B-1b cells and very few 
B220bright CD5− (B-2) cells ( lower left). In contrast, NZB iPS miR-15a/16 gave rise to predomi-
nantly CD5− B220bright B-2 cells
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In the NZB mice, as the mice age they develop B-1 malignant clones and an 
increase in SP cells. These SP cells are resistant to apoptosis as shown by their 
increased ability to expand in the presence of a hypoxic environment (Fig. 9.7). In 
vivo, hypoxic environment is present in the BM and in the spleen when the malig-
nant B-1 clonal expansion leads to splenomegaly. miRNAs are known to regulate 
normal stem cells [102] and miRNA profiles of SP cells have been shown to be dif-
ferent from non-SP cells [58]. Sorted SP cells were analyzed for expression levels of 
miR-15a/16 as well as the ability to survive a hypoxic environment (2 % CO2, 48 h). 
Hypoxia induced a further decrease in miR-15a/16 levels suggesting that decreased 
miR-15a/16 is a survival factor following hypoxia.

5 Conclusions

In this chapter, the role of miR-15a/16 in the development of CLL, a malignancy of 
B-1 cells, was the major focus. Decreased miR-15a/16 levels are found in major-
ity of patients with CLL. In addition, findings suggest that even before deletion of 
the 13q14 region, which contains the mir-15a/16-1 loci, epigenetic regulation may 
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Fig. 9.7  Side population in a murine model of CLL. a The presence of the side population was 
detected in NZB and DBA/2 mice by gating on cells that excluded Hoechst and this population 
was lost in the presence of Verapamil. b Mean percent of side population in 9–12-month NZB and 
control (non-NZB) spleen. c Percent apoptosis and miR-15a/16 levels in SP cells following 48 h 
culture in the presence of normoxia (5 %) or hypoxia (2 %)
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lead to decreased miR-15a/16 in CLL. Recent data have also found that the precur-
sor state of CLL, MBL, has decreased expression of miR-15a/16. Taken together, 
decreased miR-15a/16 is critical for the development of CLL. In several mouse 
models, deletion of the loci containing mir-15a/16-1 led to a CLL-like disease. In 
the NZB de novo mouse model of CLL, there is a decrease in miR-15a/16 levels due 
to mutation in the mouse syntenic region of human 13q14. HSCs from NZB mice 
gave rise to more B-1 cells in vivo. In addition, iPS cells from NZB with enforced 
overexpression of miR-15a/16 gave rise almost exclusively to B-2 lineage cells. In 
contrast, NZB mice with the genetically determined low miR-15a/16 levels, gave 
rise to mainly the B-1 lineage. Taken together, decreased miR-15a/16 is a critical 
factor in the development and progression of human CLL (Fig. 9.8).

Role of mir-15a in B-1 cell commitment in CLL 
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Fig. 9.8  Schematic diagram of the role of miR-15a/16 levels in the development of B-1 cells. The 
HSCs give rise to committed lymphoid progenitors (CLP) that differentiate into CD5+ (B-1) or 
CD5− (B-2) lineage cells. In young NZB ( top), both epigenetic silencing of the host gene, Dleu2 
and germline-encoded mutation in the mir15a/16-1 loci, which together lead to decreased miR-
15a/16, play a negative role in differentiation to B-2 and increase the B-1 lineage cells. This increase 
in B-1 cells results in MBL. As NZB mice age ( bottom), the development of CLL clones occurs
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It is clear that acquiring of additional genetic alterations, including alterations in 
additional miRNAs, is required to progress from indolent to aggressive CLL. While 
deletion of the 13q14 region (resulting in decreased miR-15a/16) alone is associ-
ated with low risk, as CLL progresses there is often an increase in cells which have 
deleted both alleles of the mir-15a/16-1 loci. This suggests that further reduction of 
miR-15a/16 levels is involved in CLL disease progression.

There has been no definitive cancer stem cells identified in CLL. However, 
increased B-1 clonal development has been found in xenogenic transplantation 
studies of HSCs from CLL, suggesting abnormalities in B-1 lineage development. 
Decreased miR-15a/16 expression may be a fundamental defect that increases the 
development of B-1 lineage cells from HSCs. In studies in NZB mice, enforced 
high expression of miR-15a/16 reversed the type of B cells which developed from a 
skewed B-1 toward exclusively a B-2 differentiation. Based on the literature, HSCs 
may compromise a heterogeneous group of stem cells with a unique B-1 lineage 
stem cell, which, by genetic alterations or epigenetic silencing, may express lower 
levels of miR-15a/16 than do the HSCs that give rise to B-2 cells.

Overall, decreased miR-15a/16 levels play a role in differentiation toward the 
B-1 lineage, expansion of B-1 cells, development of premalignant B-1 clones, and 
progression to CLL.
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Abstract The microRNAs (miRNAs) have been shown to play important roles 
in the control of many normal biological processes including cell differentiation 
and organogenesis. During the development of normal pancreas, several miRNAs 
including miR-375, miR-7, miR-124, etc. have been shown to regulate exocrine 
and endocrine cell differentiation. These regulations could in part be mediated 
through the miRNA-mediated deregulation of transforming growth factor-β, Notch, 
and Hedgehog signaling, which are the signal transduction pathways that are criti-
cally involved in organogenesis during normal development. However, deregulated 
expression of miRNAs could also lead to the development and progression of pan-
creatic cancer. Moreover, miRNAs are also known to regulate the development and 
maintenance of pancreatic cancer stem cells and epithelial-to-mesenchymal transi-
tion phenotypic cells, which are typically responsible for drug resistance, tumor 
recurrence, and metastasis. Therefore, targeting specific miRNAs by oligonucle-
otide/nanoparticle vector delivery or regulation of miRNAs by natural agents could 
become novel strategies for the treatment of pancreatic cancer with better treatment 
outcome in combination with conventional therapeutics.
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1 Introduction

Recently, microRNAs (miRNAs) have received significant attention in the area of 
medical research, especially, cancer research. Each miRNA contains 19–25 nucleo-
tides (nt) in a single strand. Most miRNAs have about 22 nt, much shorter than mes-
senger RNAs (mRNAs). Unlike mRNAs, miRNAs do not code for any protein or 
peptide. However, they play important roles in the regulation of gene expression by 
degrading mRNAs or by inhibiting translational processes. Specific miRNA could 
imperfectly bind to the 3′-untranslated region (UTR) of the target mRNAs, resulting 
in target mRNA cleavage or translational repression. Therefore, by regulating gene 
expression, miRNAs are known to contribute to the control of cell development, 
differentiation, growth, apoptosis, and other biological processes.

The first miRNA lin-4 was identified and reported in 1993 [1]. It was found that 
a small RNA, named as miRNA lin-4, contained sequences complementary to the 
sequences in the 3′-UTR of lin-14 mRNA and that the miRNA lin-4 could suppress 
lin-14 mRNA translation through complementary RNA–RNA interaction. Another 
critical miRNA, let-7, was found afterward [2]. The miRNA let-7 is a 21 nt small 
RNA which could complementarily bind to the 3′-UTR of heterochronic genes, 
including lin-14, lin-28, lin-41, lin-42, and daf-12, and inhibit the expression of 
these genes. Functional analysis revealed that miRNA lin-4 and let-7 could alter the 
developmental timing by complementarily binding to the mRNA of heterochronic 
genes and inhibiting the expression of these genes, suggesting the biological regula-
tion of lin-14 and let-7 during the process of normal development. Since this initial 
discovery, significant efforts have been made to discover newer miRNAs and char-
acterizing their functions in human cells. Now, it is clear that these miRNAs play 
critical roles in the regulation of many physiological and pathological processes 
in humans [3, 4, 5]. Since miRNAs play important roles in the control of cellular 
development, differentiation, growth, and apoptosis, miRNAs are also critically in-
volved in the development and progression of cancer. Emerging evidence suggests 
the role of many miRNAs in the normal development of pancreas as well as in the 
development and progression of pancreatic cancer.

It is well known that pancreas mainly contain two compartments in one system. 
One compartment is the exocrine acinar tissues, which produce and secrete diges-
tive enzymes into digestive system. Another compartment is endocrine tissues (in-
cluding the islets housing β cells and other endocrine cells), which secrete insulin 
and other hormones directly into the blood to regulate blood glucose metabolism 
and maintain the homeostasis of blood glucose. If β-cells are lost or malfunction 
during pancreas development or in adult, this could lead to the development of 
diabetes. Moreover, if the exocrine epithelial cells are dedifferentiated, it may con-
tribute to the development of pancreatic cancer. Since miRNAs play critical roles in 
the control of development and differentiation, understanding the molecular effects 
of specific miRNAs on pancreas development and pancreatic cell differentiation is 
important and such knowledge may lead to the development of strategies for the 
treatment of diabetes and pancreatic cancer.
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Pancreas is of endodermal origin because it forms from embryonic foregut dur-
ing development. First, the ventral and dorsal anlages (or the so-called buds) are 
formed and connected to foregut by ducts. Then, rotation and fusion of the ventral 
and dorsal pancreatic buds occur, leading to the formation of pancreas. During these 
processes, the progenitor cells of pancreas differentiate by two different pathways, 
forming exocrine and endocrine tissues, respectively. By the stimulation of fol-
listatin and fibroblast growth factors (FGFs), the progenitor cells of exocrine tis-
sue in pancreas differentiate to mature exocrine pancreas in three successive stages 
(pre-differentiated, proto-differentiated, and differentiated stages) with different 
levels of digestive enzyme activity detected (from undetectable to low, and to high). 
At the same time, under the stimulation of neurogenin-3 and Isl-1, the progenitor 
cells of the endocrine tissue in pancreas differentiate to α-, β-, γ- and δ-cells. It is 
now known that some specific miRNAs contribute to the control of normal pan-
creas development and differentiation.

It has been widely accepted that stem cells are present in most adult organs in-
cluding pancreas. In adult pancreas, cell turnover including cellular program death 
and replacement with new differentiated cells from stem cells controls the normal 
pancreas tissue homeostasis [6]. At the level of molecular regulation, various pro-
cesses such as DNA repair and metabolism contribute to the preservation of nor-
mal anatomical structure and biological function [7]. However, upon DNA damage 
such as inherited or acquired mutation and if DNA repair fails, then this process 
could lead to the development of pancreatic cancer. In pancreatic cancer cells, the 
acquired DNA mutation could be caused by cigarette smoke, aging, chronic pancre-
atitis, or defects in DNA replication and copy number through cell division. If these 
DNA mutations are located in cancer-associated genes in a pancreatic cell, then the 
cell may undergo deregulated cell growth, which could eventually lead to the de-
velopment of pancreatic cancer. In addition, diabetes and obesity, where disorders 
of metabolism occur, could also cause pancreatic cancer. It is known that miRNAs 
are critically involved in the control of development and differentiation of pancre-
as. The miRNAs also regulate DNA repair and molecule metabolism in pancreas. 
Moreover, emerging studies have shown that miRNAs could regulate the formation 
of cancer stem cells (CSCs) [8, 9], the acquisition of epithelial-to-mesenchymal 
transition (EMT) phenotype [10], and the development of drug resistance to con-
ventional therapeutics [10, 11]. Therefore, it is now clear that miRNAs are critically 
involved in the development and progression of pancreatic cancer.

2 miRNAs in the Regulation of Pancreas Development

The investigations delineating the role of miRNAs in the regulation of pancreas devel-
opment, largely focused on the endocrine compartment. Dicer is a critical molecule 
participating in the synthesis of miRNA. An animal study showed that conditional 
knockout of Dicer in the pancreas of mouse significantly damaged the development 
of all pancreatic endocrine cell lineages [12]. The damage of pancreas development 
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by Dicer knockout was accompanied with reduced number of progenitor cells and 
activated Notch and apoptosis signaling in progenitor cells, suggesting that miRNAs 
could regulate progenitor cell proliferation and differentiation in the pancreas.

 2.1  miRNA-Regulated Signaling Pathways  
in Pancreas Development

During pancreas development, the interactions among epithelial, midline meso-
derm, and mesenchymal cells control pancreatic structure formation and cell dif-
ferentiation. It has been shown that several signaling pathways are important for 
the control of cellular interactions in embryonic pancreas. These pathways include 
transforming growth factor (TGF), Notch, Hedgehog, FGF, and epidermal growth 
factor (EGF) signaling pathways (Fig. 10.1). All of these signaling pathways also 
contribute to the development and progression of pancreatic cancer. Importantly, 
the cross talk among these signaling is also mediated by miRNAs.

TGF protein, especially TGF-β, is a key molecule which controls the differentia-
tion of both pancreatic endocrine and exocrine cells. TGF-β is expressed in embry-
onic pancreas [13]. Activation of TGF-β promotes the development of endocrine 
cells and inhibits the differentiation of exocrine cells. In contrast, downregulation of 
TGF-β signaling enhances differentiation of embryonic exocrine cells and inhibits 

Fig. 10.1  miRNAs and signaling pathways in the regulation of pancreas development
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the differentiation of endocrine cells. Recently, several miRNAs including miR-9, 
miR-30b, miR-30d, miR-375, and miR-494, have been correlated with the activity 
of TGF-β [14–16], suggesting that these miRNAs could be involved in the develop-
ment of pancreas and cellular differentiation.

Notch signaling is known to contribute to the differentiation of pancreatic endo-
crine and exocrine cells. In pancreas development, expression of neurogenin genes 
is a critical process. In embryonic pancreas, epithelial cells and adjacent cells ex-
press ngn3, which is a member of the neurogenin family [17]. It has been found 
that the peak of ngn3 expression reached maximum just before the formation of 
islets and that the level of ngn3 was undetectable in adult pancreas, suggesting the 
critical role of ngn3 during pancreas development. Importantly, the expression of 
ngn3 has been shown to be correlated with the activity of Notch signaling. Animal 
experiments have shown that deficient Notch signals enhanced the differentiation of 
pancreatic epithelial cells which express ngn3, suggesting the role of Notch signal-
ing in the control of pancreas development [18]. Notch-deficient mice also showed 
aberrant development of pancreatic endocrine cells [19]. However, inactivation of 
Notch1 could lead to the abnormal islet cellular distribution, exocrine cell hypopla-
sia, and β-cell hyperplasia although increased differentiation of pancreatic exocrine 
and endocrine cells has been usually observed [19, 20]. It is well known that miR-
NAs could regulate Notch signaling. Moreover, recent studies have also shown that 
Drosha and miR-20 regulates the expression of neurogenin [21, 22], suggesting the 
regulatory effects of miRNAs on pancreas development.

Hedgehog signaling is an important signaling pathway during normal develop-
ment and differentiation. It is known that Sonic Hedgehog (Shh) is not detectable in 
embryonic pancreas and adult islets. However, the levels of Indian Hedgehog (Ihh), 
Desert Hedgehog (Dhh), and Patched (Hedgehog receptor) are detectable in devel-
oping pancreas and adult islets. It has been found that Ihh-deficient embryos con-
tained increased number of pancreatic cells which express insulin and glucagons, 
and Shh-deficient embryo also had significantly increased number of endocrine 
cells [23], suggesting that Hedgehog signaling is required for limiting differentia-
tion of pancreatic embryonic cells. Since embryonic pancreas does not express Shh, 
the Shh from adjacent organs could regulate pancreas development. Hedgehog sig-
nals such as Shh and Ihh bind to Patched and inhibit pancreas development. In ad-
dition, the activity of Hedgehog signaling has been found to be regulated by several 
miRNAs. Studies have shown that miR-212, miR-214, miR-196, and miR-17–92 
cluster could regulate Hedgehog signaling [24–27], suggesting that these miRNAs 
could participate in the development of pancreas.

 2.2  miRNA Regulates Pancreatic Cell Differentiation  
and Pancreas Development

It has been found that specific miRNAs are expressed at high levels during pan-
creas development and participate in the synthesis and secretion of insulin. Sev-
eral studies have focused on the investigation of miRNA profiling during pancreas 
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development [28–30]. The results showed that a number of miRNAs are involved in 
pancreas organogenesis. These miRNAs include miR-7, miR-9, miR-30d, miR-375, 
miR-376, miR-124, miR-15a, miR-15b, miR-16, miR-19b, etc. (Fig. 10.1). Among 
them, miR-375, miR-7, miR-124, and miR-9 are most investigated in pancreatic 
cell differentiation.

The miR-375 is expressed in pancreatic islet cells including α-, β-, and δ-cells. 
The miR-375 has inhibitory effect on glucose-induced insulin secretion by sup-
pressing exocytosis; however, it does not directly regulate insulin synthesis [31]. 
The identified targets of miR-375 are myotrophin and phosphoinositide-dependent 
kinase 1 (PDK1) [32]. Knockdown of myotrophin caused similar effect on β-cells 
as miR-375. Another target of miR-375 is PDK1, which could regulate insulin syn-
thesis. It is known that glucose promotes insulin expression by downregulation of 
miR-375 and upregulation of PDK1. Therefore, miR-375 exerts its inhibitory effect 
on insulin expression through the downregulation of PDK1. Animal studies have 
also demonstrated that miR-375 is required for keeping the balance of β and α cells 
during pancreas development.

The expression of miR-7 could be found in both adult and fetal endocrine cells 
of the pancreas. The miR-7 is islet-enriched miRNA and its expression is increased 
during pancreatic islet development [33], especially, β-cell differentiation. Experi-
mental studies have shown that the inhibition of miR-7 could cause death of insulin-
producing cells during developmental process. Animal studies have demonstrated 
that the inhibition of miR-7 by antisense miR-7 could lead to the inhibition of β-cell 
formation and insulin production in mouse embryos.

The miR-124a also plays a critical role in the regulation of pancreas develop-
ment. The miR-124a exerts its effect on pancreas development through its target 
FOXA2 that is a transcription factor for early pancreas development. FOXA2 and 
its downstream targets including Pdx-1, Kir6.2, and sulfonylurea receptor 1, regu-
late the development and also maintain the function of the pancreas. It is believed 
that miR-124a has different functions in different periods of pancreas development. 
In early stages of pancreas development, miR-124a control differentiation by the 
regulation of FOXA2. However, in later stages of pancreas development and in the 
adult pancreas, miR-124a is critically involved in the maintenance of β-cell func-
tions [34]. In neuronal development, miR-124a could regulate the expression of 
Hes1, which controls proliferation of ngn3-producing cell [35]. Since ngn3 plays 
critical roles in pancreas development, miR-124a could be an important molecule, 
which regulates Notch1 signaling in pancreas development. In addition to miR-
124a, other miRNAs including miR-15a, miR-15b, miR-16, and miR-195 are also 
critically involved in the control of translation of ngn3, leading to a decreased num-
ber of hormone-producing cells during pancreas development.

The miR-9 is highly expressed during islet development. In pancreatic islet cells, 
miR-9 has been found to inhibit the expression of its target Onecut-2 and, in turn, 
increase the expression of granuphilin/Slp4, leading to the suppression of glucose-
induced insulin secretion [36]. Other miRNAs also play their roles in the differenti-
ation of pancreatic cells. The miR-19b is a member of the miR-17–92 cluster, which 
is highly expressed in pancreatic progenitor cells. The miR-19b could directly bind 
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to the 3′-UTR of NeuroD1 mRNA and reduce the expression of NeuroD1 at mRNA 
and protein levels, leading to the inhibition of proliferation of pancreatic progeni-
tor cells. The miR-30d has been found to increase the expression of insulin in a 
β-cell line [37] and miR-218 has been found to be expressed in early fetal pancreas 
of mice. The miR-218 has been found to control pancreas and liver development 
through the regulation of Onecut-2 [38]. In addition, miR-503 and miR-376a are 
expressed at high levels during islet development [33]. These miRNAs participate 
in the control of pancreatic cell differentiation during different stages of pancreas 
development. Therefore, the knowledge regarding the molecular function and regu-
lation of these miRNAs is likely to be very important for the regeneration of pancre-
atic endocrine cells, which would be highly valuable to restore endocrine function 
of the pancreas.

 3  miRNAs in the Regulation of Pancreatic Cancer 
Development and Progression

Since, miRNAs play important roles in normal biological processes during pancreas 
development, pancreatic cell differentiation, proliferation, apoptosis, and metabo-
lism, it is not surprising that miRNAs are also critically involved in the development 
and progression of pancreatic cancer. In pancreatic cancer, the aberrant expression 
of specific miRNAs has been clinically linked with the disease stage, invasion, 
metastasis, and survival of patients diagnosed with pancreatic cancer [39, 40]. The 
miRNAs could act as tumor suppressors or oncogenes to regulate the biological 
behavior of pancreatic cancer cells. Importantly, miRNAs could also control the 
growth and differentiation of pancreatic CSCs and EMT-type cells, which contrib-
ute to drug resistance and tumor progression [41,–43]. Therefore, miRNAs could 
serve as molecular markers and targets for diagnosis, prognosis, and treatment of 
pancreatic cancer.

 3.1  miRNAs that Inhibit Pancreatic Cancer Development  
and Progression

The deregulation of miRNAs in pancreatic cancer could be monitored by the ex-
pression profiling of miRNAs using chip assay or reverse transcriptase polymerase 
chain reaction (RT-PCR) technologies. Over the past years, several studies have 
been conducted to reveal the expression levels of miRNAs in normal pancreatic epi-
thelial cells and pancreatic cancer cells. It has been found that a set of miRNAs are 
downregulated in pancreatic cancer or PanIN cells, compared to normal cells. The 
expression of miR-452, miR-126, miR-218, miR-125b, miR-127–3p, miR-139–3p, 
miR-139–5p, miR-216b, and miR-296–5p has been found to be downregulated in 
the samples with PanIN lesion [44]. It has also been found that the expression of 
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miR-96, miR-34a, miR-130b, miR-139, miR-142, miR-148a, miR-148b, miR-216, 
miR-217, miR-345, and miR-375 was downregulated in pancreatic cancer cells [43, 
45, 46]. These miRNAs have been considered as tumor suppressors, which inhibit 
pancreatic cancer development and progression. Among these tumor suppressive 
miRNAs, miR-216, miR-217, and miR-34a are mostly downregulated, suggesting 
their potent inhibitory effects on pancreatic cancer development and progression.

In a comprehensive miRNA expression profiling analysis, tissues from normal 
pancreas, chronic pancreatitis, pancreatic cancer, and non-pancreatic tissues were 
subjected to 377 miRNA array analysis. It was found that miR-216 and miR-217 
were absent or only minimally expressed in pancreatic cancer cell lines and tissues, 
suggesting that miR-216 and miR-217 could serve as tumor suppressive miRNAs in 
pancreatic cancer [46]. Furthermore, the expression of miR-216 and miR-217 and 
the absence of miR-133a expression were found to be characteristic of pancreas tis-
sue, suggesting the importance of these specific miRNAs in maintaining the normal 
function of the pancreas.

The miR-34 has also been found to be a tumor suppressive miRNA (Fig. 10.2). 
The miR-34a could be directly transactivated by p53 [47], leading to the induc-
tion of apoptosis and the inhibition of proliferation and angiogenesis. Studies have 
also shown that CpG methylation of the miR-34a promoter is prevalent in various 
cancers including pancreatic cancer (3/19; 15.7 %) [48, 49]. These findings suggest 
that the low expression of miR-34a found in pancreatic cancer cells and tissues is 
due to epigenetically regulated miR-34a silencing. Furthermore, miR-34a has been 
found to inhibit CSCs through directly downregulating CD44 [50]; therefore, tar-
geting epigenetic regulation of miR-34a could be a novel strategy for the treatment 
of pancreatic cancer by inhibition of pancreatic CSCs [43].

Fig. 10.2  miRNAs and signaling pathways in the progression of pancreatic cancer
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miR-150 is another miRNA functioning as tumor suppressive miRNA in pan-
creatic cancer. In pancreatic cancer tissues, much lower expression of miR-150 and 
high expression of MUC4 have been observed. Mechanistic studies have shown that 
the 3′-UTR of MUC4 contains a highly conserved miR-150-binding motif and that 
miR-150 downregulated the expression of MUC4 protein, suggesting that MUC4 
is the target of miR-150 [51]. Moreover, the miR-150-mediated downregulation of 
MUC4 led to a decrease in the levels of EGFR2 and p-EGFR2, resulting in the in-
hibition of cell growth, clonogenicity, migration, and invasion in pancreatic cancer 
cells [51]. These findings demonstrate that miR-150 is a tumor suppressor miRNA 
in pancreatic cancer.

 3.2  miRNAs that Promote Pancreatic Cancer Development  
and Progression

By miRNA expression profiling analysis in pancreatic cancer, a set of specific miR-
NAs has been found to be significantly upregulated in pancreatic cancers or PanIN 
compared to normal pancreas. The expression of miR-21, miR-18a, miR-182, miR-
18b, miR-183, miR-422a, miR-190, miR-29b, miR-93, miR-101, miR-193a-3p, 
miR-135b, miR-320b, miR-222, miR-106b, and miR-196b was significantly upreg-
ulated in the tissues from PanIN-3 lesions compared to normal tissues [44]. In pan-
creatic cancer, the expression of miR-10, miR-15b, miR-21, miR-23, miR-24, miR-
92, miR-95, miR-100, miR-107, miR-143, miR-145, miR-155, miR-181, miR-190, 
miR-194, miR-196, miR-205, miR-210, miR-212, miR-213, miR-220, miR-221, 
miR-222, miR-223, and miR-301 has been found to be significantly upregulated 
compared to normal tissues [45], suggesting that these miRNAs possess oncogenic 
activity. Among these miRNA, miR-21, miR-155, and miR-221 are more frequently 
upregulated in other cancers, and thus commonly accepted as oncogenic miRNAs.

The miR-21 is well known as oncogenic miRNA (Fig. 10.2). It has been found 
that miR-21 is upregulated in different types of cancers [52–54]. In early nonin-
vasive intraductal papillary mucinous neoplasms which are noninvasive precursor 
lesions of pancreatic cancer, miR-21 is highly expressed with highest relative fold-
changes [55]. By in situ hybridization, using the samples from patients, upregulated 
miR-21 expression was found in 79 % of pancreatic cancers; however, only 8 % of 
benign pancreas and 27 % of chronic pancreatitis expressed miR-21 [40], suggesting 
that miR-21 plays important roles in the development of pancreatic cancer. More-
over, the expression level of miR-21 was predictive of poorer outcome compared 
to absence or low expression of miR-21 in patients without lymph node metastasis 
[40], suggesting the critical role of miR-21 in pancreatic cancer progression. By in 
vitro studies, overexpression of miR-21 was observed in pancreatic cancer cell lines 
compared to nonmalignant cells [56]. Forced expression of miR-21 using miR-21 
precursor significantly increased proliferation, invasion, and chemoresistance of 
pancreatic cancer cells. In contrast, knockdown of miR-21 inhibited cell prolifera-
tion and invasion and sensitized pancreatic cancer cells to chemotherapy [56]. The 
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inhibition of cell proliferation, invasion, and drug resistance by knockdown of miR-
21 could be mediated through the upregulation of phosphatase and tensin homolog 
(PTEN), one of the miR-21 targets, and downregulation of matrix metalloproteinase 
(MMP)-9, MMP-2, and vascular endothelial growth factor (VEGF) [56, 57].

The miR-221 is another known oncogenic miRNA (Fig. 10.2). High expression 
of miR-221 has been found in various cancers. In pancreas, it was found that the ex-
pression of miR-221 was significantly elevated in the mouse pancreas with PanIN 
lesions [58]. In human pancreatic cancer, the expression of miR-221 has been found 
to be significantly increased [59]. Silencing of miR-221 has been found to inhibit 
cell proliferation and invasion, and sensitize pancreatic cancer cells to chemothera-
py [57, 58]. The oncogenic effect of miR-221 could be mediated by direct targeting 
of cell cycle inhibitor p27kip1 [57], which is a key regulator of cell proliferation and 
invasion.

The miR-155 is another oncogenic miRNA (Fig. 10.2). By conducting miRNA 
expression profiling analysis, the elevated level of miR-155 expression has been 
observed in various cancers including pancreatic cancer [55, 60]. The miR-155 is 
one of the most highly expressed miRNAs in early noninvasive intraductal papillary 
mucinous neoplasms which are noninvasive precursor lesions of pancreatic cancer 
[55]. Moreover, elevated miR-155 expression has been found to be correlated with 
low overall survival (p = 0.005) of patients diagnosed with pancreatic cancer [60]. 
The patients with increased miR-155 expression in pancreatic tumor tissue had a 
6.2-fold increased risk of cancer-related death compared to patients who had low 
level of miR-155 expression [60], suggesting that miR-155 plays an important role 
in the progression of pancreatic cancer. The targets of miR-155 have been inves-
tigated and it has been found that the tumor protein 53-induced nuclear protein 1 
(TP53INP1) is the direct target of miR-155 and that miR-155 could inhibit p53-
induced apoptosis by targeting TP53INP1 [61].

 3.3  miRNAs that Control Pancreatic EMT  
and Cancer Stem Cells

As described in the previous section, miRNAs could regulate pancreatic embryonic 
cell differentiation and pancreas development. Therefore, miRNAs could also con-
trol the formation and growth of CSCs and EMT-type cells because normal stem 
cells, CSCs, and EMT-type cells share many similar molecular characteristics. In-
deed, growing evidence has shown that miRNAs could play important roles in the 
formation of CSCs and could lead to the acquisition of EMT phenotype [9, 62, 63]. 
By sphere-forming assay to enrich CSC population and by miRNA expression pro-
filing, differentially expressed miRNAs including miR-99a, miR-100, miR-125b, 
miR-192, and miR-429 have been identified in pancreatic CSCs [64]. These miR-
NAs are critically involved in maintaining and regulating pancreatic stem cells. It 
has also been found that miR-34a participates in the regulation of pancreatic CSCs. 
Experimental studies have shown that CD44 + /CD133 + MiaPaCa2 pancreatic can-
cer cells are enriched in sphere-forming cells [65]. These tumor-initiating cells or 
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cancer stem/progenitor cells showed high expression of Notch/Bcl-2 and loss of 
miR-34 expression. Forced overexpression of miR-34 in the pancreatic tumor-ini-
tiating cells has been found to significantly inhibit Bcl-2 and Notch1/2 expression 
[65]. The upregulation of miR-34a caused significant inhibition of sphere-forming 
capacity and up to 87 % reduction of tumor-initiating cell population. The miR-34a 
transfection also caused significant inhibition of tumor formation induced by these 
tumor-initiating cells in animals [65], suggesting the inhibitory effect of miR-34a 
on pancreatic CSCs (Fig. 10.2).

It has also been known that miRNAs could regulate the acquisition of EMT phe-
notype [66]. We have found that the expression of miR-200 family and let-7 family 
are downregulated in gemcitabine-resistant pancreatic cancer cells which showed 
EMT phenotype [11]. However, the reexpression of miR-200 family in the EMT-
type cells caused the upregulation of epithelial marker E-cadherin and downregula-
tion of mesenchymal marker ZEB1 and vimentin, which was consistent with the 
reversal of mesenchymal phenotype to epithelial phenotype [11]. The reexpression 
of miR-200 family also increased the drug sensitivity of pancreatic cancer cells. 
These results suggested the importance of miR-200 in the maintenance of epithe-
lial identity and sensitivity to chemotherapy and that the loss of miR-200 could 
be responsible for drug resistance and tumor aggressiveness. We have also found 
high expression of miR-21 and low expression of miR-200 family and let-7 fam-
ily and miR-146a could contribute to the maintenance of pancreatic EMT-type and 
stem cell phenotypes through the regulation of Notch1, FoxM1, and EZH2 [67–69]. 
These findings demonstrated that miRNAs could play key roles in the progression 
of pancreatic cancer through the regulation of pancreatic EMT and CSCs.

 3.4 miRNAs as Prognostic Markers in Pancreatic Cancer

Since miRNAs are critically involved in the progression of various cancers, specific 
miRNAs could be useful as prognostic markers [70, 71]. Indeed, growing in vitro 
and in vivo evidences clearly suggest that the alterations in several miRNAs includ-
ing miR-10b, miR-21, miR-17–5p, miR-150, miR-196a, and miR-200c are clearly 
seen in pancreatic cancer, and thus these miRNAs could be useful as diagnostic and 
prognostic markers for pancreatic cancer [51, 56, 72–77].

As pancreatic cancer commonly has a poor prognosis, identification of novel 
biomarkers for predicting prognosis of pancreatic cancer is urgently needed. The 
expression of miR-21 has been found to be very high in pancreatic cancer cells and 
tissues. Importantly, the high expression of miR-21 was tightly associated with in-
creased proliferation, invasion, chemoresistance, and liver metastasis [56, 77], sug-
gesting that elevated expression of miR-21 could serve as a diagnostic and prognos-
tic marker for pancreatic cancer. Indeed, studies have shown that high expression 
of miR-21 could be significantly correlated with worse prognosis in patients with 
pancreatic ductal adenocarcinoma (P = 0.045). Furthermore, the downregulation 
of programmed cell death 4 (PDCD4) and tissue inhibitor of metalloproteinases-3 
(TIMP3), two targets of miR-21, was significantly associated with the upregulation 



Y. Li et al.190

of miR-21 expression (P < 0.05) and poor survival of the patients diagnosed with 
pancreatic ductal adenocarcinoma (P = 0.001) [78], suggesting that miR-21 and its 
target PDCD4 and TIMP3 are biomarkers of prognosis in pancreatic cancer.

Significantly, high expression of miR-10b has been observed in pancreatic can-
cer cell lines and tissues compared to normal pancreatic ductal cells. Importantly, 
it has also been found that higher expression of miR-10b was associated with in-
vasiveness of pancreatic cancer cells and shorter overall survival [72]. Similar to 
miR-21 and miR-10b, the expression of miR-155 and miR-196a-2 were also found 
to be overexpressed in pancreatic cancer cells, and the expression was correlated 
with tumor stage and poor survival [73, 76]. The high expression of miR-17–92 
clusters has been commonly found in lymphomas and lung cancers. However, pan-
creatic cancer cells also showed higher levels of miR-17–5p compared to normal 
ductal cells, and that the high expression of miR-17–5p was associated with poor 
prognosis [74]. As discussed in the previous section, miR-200 family inhibits EMT 
and sensitizes pancreatic cancer cells to chemotherapy. It has also been found that 
pancreatic cancer patients with high expression of miR-200c have significantly bet-
ter survival rates than those with low expression of miR-200c. The high expression 
of miR-200c in pancreatic cancer was also strongly correlated with high E-cadherin 
expression [75], suggesting that higher expression of miR-200c could inhibit EMT 
and could predict better survival. All of these findings suggest that specific miRNA 
expression could be useful as prognostic biomarkers for pancreatic cancers.

 4  Regulation of miRNAs to Inhibit Pancreatic Cancer 
Aggressiveness

Emerging evidence clearly suggests that miRNAs play important roles in the de-
velopment and progression of pancreatic cancer; therefore, targeting deregulated 
miRNAs in pancreatic cancer cells is an attractive novel strategy for the treatment 
of pancreatic cancer. The therapeutic strategies for targeting deregulated miRNAs 
in cancer include inhibition of oncogenic miRNAs, introduction of tumor suppres-
sive miRNAs, and regulation of specific miRNAs that are known to control CSC, 
EMT, and chemoresistance. Oligonucleotide delivery or agent administration could 
be useful for systemic regulation of miRNAs; however, so far no promising strategy 
for the regulation of miRNA has been established.

 4.1  Sense or Antisense Oligonucleotide Delivery Strategy for the 
Inhibition of Cancer

Sense or antisense oligonucleotide could be delivered by viral or nonviral vectors. 
However, the use of viral vectors has been limited because of a number of safety 
concerns including immunogenicity and risk of oncogenic integration and trans-
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formation. Nonviral vectors including lipid-based formulations such as liposomes, 
lipoplexes, etc. are attractive. Recently, investigators have utilized nanotechnology 
to create nanolipoparticles or other nanoparticles to facilitate oligonucleotide de-
livery [79, 80]. Experimental studies have shown that antisense oligonucleotides 
could bind to specific miRNAs and block the function of miRNAs [79, 81]. Studies 
have also shown that intravenous administration of chemically engineered antisense 
oligonucleotides against miR-16, miR-122, miR-192, and miR-194 into mice could 
significantly inhibit the expression of corresponding mRNA in several organs such 
as liver, lung, kidney, heart, intestine, fat, skin, bone marrow, muscle, ovaries, and 
adrenals [82]. These results demonstrated the feasibility for silencing of specific 
oncogenic miRNAs by antisense oligonucleotide delivery system, which could be a 
novel therapeutic strategy for cancer treatment in the future.

The introduction of tumor suppressive miRNAs by oligonucleotide delivery is 
another important strategy for pancreatic cancer treatment. Pramanik et al. reported 
a lipid-based nanoparticle for systemic delivery of miRNA expression vectors to 
pancreatic cancer cells [83]. This nanovector was so small that no apparent histo-
pathologic or biochemical evidence of toxicity was observed after intravenous in-
jection of the nanovector. They utilized this nanovector to deliver tumor suppressive 
miRNAs including miR-34a, miR-143, and miR-145 into pancreatic MiaPaCa-2 
xenografts. They found that the intravenous delivery with either miR-34a or miR-
143/145 nanovectors significantly inhibited the growth of MiaPaCa-2 subcutane-
ous tumors in xenograft model. The inhibitory effects were much stronger in the 
orthotopic tumor model. It was also found that tumor growth inhibition was due 
to increased apoptosis and decreased proliferation with significant upregulation of 
delivered miRNA and significant downregulation of miRNA targets such as SIRT1, 
CD44, aldehyde dehydrogenase, KRAS2, and RREB1 [83]. These results suggest 
that systemic delivery of tumor suppressive miRNA could be a novel therapeutic 
strategy for the treatment of pancreatic cancer.

Although experimental studies have focused on the knockdown or introduc-
tion of specific miRNAs by systemic oligonucleotide/nanoparticle delivery, which 
could induce drug sensitivity and inhibit cancer growth, invasion, and metastasis, 
the limitations still exist for the use of these oligonucleotide/vectors system because 
of several issues such as the poor stability, immune system stimulation, off-target 
effects, and delivery efficiency, and it is believed that overcoming such limitations 
would be useful for the implementation of these tools for the treatment of pancreatic 
cancer in the future.

 4.2  Natural Agents for miRNA Regulation  
to Inhibit Pancreatic Cancer

To overcome the limitations of oligonucleotide/vectors system, natural agents in-
cluding isoflavone, 3,3′-diindolylmethane (DIM), indole-3-carbinol (I3C), curcum-
in, (-)-epigallocatechin-3-gallate (EGCG), and others have been used to regulate the 
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expression of specific miRNAs [84–87]. Through the regulation of specific miR-
NAs, the natural agents could increase the sensitivity of pancreatic cancer cells to 
conventional therapeutics and thereby inhibit invasion and metastasis of pancreatic 
cancer (Fig. 10.3). Due of the nontoxic features of natural agents, regulation of 
miRNAs by these natural agents combined with conventional chemotherapeutics 
could become a novel strategy for the treatment of pancreatic cancer with better 
treatment outcome, which requires in-depth investigation.

Pancreatic cancer shows many aggressive features, which is in part due to drug 
resistance characteristics. The existence of pancreatic CSCs and EMT-type cells in 
the tumor with deregulated expression of miRNAs could be responsible for drug 
resistance. We investigated the effects of several natural agents on miRNAs in 
pancreatic cancer cells especially in gemcitabine-resistance cells, which showed 
EMT phenotype. We found that isoflavone or DIM treatment could increase the 
expression of miR-200, decreased the expression of ZEB1, slug, and vimentin, and 
reversed EMT phenotype to epithelial characteristics (Fig. 10.3) [11]. Moreover, 
isoflavone or DIM treatment could also up-regulate the expression of let-7 [11], 
suggesting that these natural agents could be useful in the deregulated expression 
of miRNAs. Importantly, isoflavone or DIM treatment led to enhanced sensitivity 
of gemcitabine-resistant pancreatic cells to gemcitabine [11]. In addition, we also 
found that isoflavone or DIM could increase the expression of miR-146a and in-
hibit the invasion of pancreatic cancer through the regulation of EGFR and NF-κB 
signaling [88]. These results demonstrate that natural agents such as isoflavone and 
DIM could partially increase drug sensitivity and inhibit progression of pancreatic 

Fig. 10.3  The effects of natural agents on miRNA-mediated cellular signaling and biological 
behavior in the progression of pancreatic cancer
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cancer through the regulation of miR-200, let-7, and miR-146a. Therefore, conven-
tional chemotherapeutics combined with isoflavone or DIM could serve as novel 
strategies for better treatment of pancreatic cancer in the future.

Studies have also shown that curcumin and its synthetic analog could regulate 
the expression of miRNAs in pancreatic cancer. The miRNA expression profile 
altered by curcumin has been documented in pancreatic cancer cells [89]. It has 
been found that curcumin treatment could upregulate the expression of miR-22 and 
thereby could inhibit the expression of SP1 transcription factor and estrogen re-
ceptor 1, which are targets of miR-22 [89]. We have found that curcumin-analog 
diflourinated-curcumin (CDF) could inhibit the expression of miR-21 and could 
upregulate the expression of several miRNAs including miR-26a, miR-101, miR-
146a, miR-200 family, and let-7 family whose expressions are typically lost in pan-
creatic cancer. This was found to be associated with the induction of drug sensitivity 
and the inhibition of tumor growth and aggressiveness in pancreatic cancer medi-
ated in part through the regulation of specific miRNA targets such as EZH2 and Akt 
signaling (Fig. 10.3) [69, 90,–92].

5 Conclusions and Perspectives

In conclusion, emerging evidence clearly suggest that miRNAs play important 
roles in the development of normal pancreas and play critical roles in the develop-
ment and progression of pancreatic cancer. During pancreas development, several 
miRNAs including miR-375, miR-7, miR-124, etc. have been shown to regulate 
exocrine and endocrine cell differentiation. These regulations could be mediated 
through the miRNA-specific target modulation of TGF-β, Notch, and Hedgehog 
signaling, which are the signal transduction pathways that are critically involved 
in organogenesis. Therefore, targeting these specific miRNAs could be a novel 
strategy for the regeneration of pancreatic endocrine cells toward the treatment of 
diabetes and other pancreatic endocrine diseases. In pancreatic cancer, the aberrant 
expression of miRNAs with deregulated cellular signaling could lead to the devel-
opment and progression of pancreatic cancer. Moreover, several miRNAs are also 
known to regulate pancreatic CSCs and the acquisition and maintenance of EMT-
phenotypic cells, which are typically responsible for de novo and acquired drug 
resistance in pancreatic cancer. Therefore, targeting specific miRNAs by oligonu-
cleotides/nanoparticle vector delivery or regulation of miRNA by natural agents 
could become novel strategies for the treatment of pancreatic cancer in combination 
with conventional chemotherapeutics for achieving better treatment outcomes. In-
terestingly, because of the poor stability, immune system stimulation, and off-target 
effects of oligonucleotides, the use of nontoxic natural agents are very attractive 
for the regulation of miRNAs, and it is our expectation that natural agents could 
serve as a better strategy for targeting miRNAs for the combination treatment of 
pancreatic cancer. In addition, designing optimal nanoparticle vectors to deliver 
oligonucleotides efficiently could also improve the efficacy of treatment. However, 
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more in vitro and in vivo experiments and clinical trials are needed to realize the 
value of targeting miRNAs for the treatment of pancreatic cancer. Therefore, newer 
treatment is urgently needed because such treatment will lead not only to a decrease 
in therapeutic resistance but also to the improvement of overall survival of patients 
diagnosed with pancreatic cancer.
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Abstract DNA methylation and histone modification are epigenetic changes that 
play key roles in the dysregulation of tumor-related genes, thereby affecting numer-
ous cellular processes, including cell proliferation, cell adhesion, apoptosis, and 
metastasis. In recent years, studies have shown that microRNAs (miRNAs) play 
important roles in the development of colorectal cancer (CRC), and that epigenetic 
mechanisms are deeply involved in their dysregulation. Specifically, technological 
advances that enable comprehensive analysis of miRNA expression profiles and the 
epigenome in CRC cells have led to the identification of a large number of epigeneti-
cally regulated miRNAs. As with protein-coding genes, it appears that miRNA genes 
involved in regulating cancer-related pathways are silenced in association with CpG 
island hypermethylation and altered histone modification. Aberrant DNA methyla-
tion of miRNA genes is a potentially useful biomarker for detecting CRC or pre-
dicting its outcome. Moreover, re-expression of the miRNAs could be an effective 
approach to cancer therapy, and unraveling the relationship between epigenetic alter-
ation and miRNA dysregulation may lead to the discovery of new therapeutic targets.

Keywords Colorectal cancer (CRC) · Epigenetic silencing · CpG island (CGI) · 
Methylation · Histone · Chromatin signature · Promoter · Biomarker

1 Introduction

Epigenetics are inherited factors that influence gene activity but do not alter primary 
DNA sequences; among them, DNA methylation and histone modification are key 
events that silence gene expression [1, 2]. Colorectal cancer (CRC) is thought to 
arise through the accumulation of multiple genetic alterations that lead to activation 
of oncogenes and loss of function of tumor suppressor genes. However, a growing 
body of evidence now suggests that, in addition to genetic alterations, epigenetic 
changes such as DNA methylation and histone modification also play crucial roles 
in the development and progression of CRC [3, 4].
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The first-identified cancer-related change in DNA methylation was genome-wide 
hypomethylation [5]. Subsequently, it became apparent that hypermethylation of 5′ 
CpG islands (CGIs) is crucial for silencing tumor suppressor genes [5]. Although the 
classical two-hit theory posits that tumor suppressor genes are inactivated by gene 
mutation or deletion, it is now recognized that DNA hypermethylation is a third mech-
anism by which inactivation of tumor suppressor genes occurs, and that it plays a sig-
nificant role in tumorigenesis. In addition to DNA methylation, acetylation and meth-
ylation of lysine residues in histones H3 and H4 also play key roles in gene regulation 
[1, 2]. In general, increase in histone acetylation is associated with increase in tran-
scriptional activity, while decrease in acetylation is associated with gene repression. 
Methylation of histones H3 and H4 is also deeply involved in gene transcription, and 
it is well documented that methylation of H3 lysine 4 is associated with active tran-
scription, while methylation of H3 lysines 9 and 27 is associated with gene repression.

In recent years, microRNAs (miRNAs) have been attracting the interest of 
many researchers, and the accumulated evidence suggests that they are strongly 
involved in cancer [6, 7]. miRNAs are a class of small noncoding RNAs that regu-
late gene expression by inducing translational inhibition or direct degradation of 
target mRNAs through base pairing to partially complementary sites [6]. miRNA 
genes are transcribed as large precursors, called pri-miRNAs, which may encode 
multiple miRNAs in a polycistronic arrangement. Pri-miRNAs are then processed 
by the RNase III enzyme Drosha and its cofactor Pasha to produce ~ 70 nucleotide 
(nt) hairpin-structured second precursors, called pre-miRNAs. The pre-miRNAs are 
transported to the cytoplasm and processed by another RNase III enzyme, Dicer, to 
generate mature miRNA products. miRNAs are highly conserved among species 
and play critical roles in a variety of biological processes, including cell prolifera-
tion, development, differentiation, and apoptosis. In addition, subsets of miRNAs 
are thought to act as tumor suppressor genes or oncogenes, and their dysregulation 
is a common feature of human cancers. Expression of miRNAs is generally down-
regulated in tumor tissues, as compared to corresponding healthy tissues [8], which 
suggests that some miRNAs may behave as tumor suppressors in some tumors. 
Although the mechanism underlying the alteration of miRNA expression in cancer 
is still not fully understood, recent studies have shown that epigenetic alterations 
are important mechanisms by which the normal patterns of miRNA expression are 
disrupted in cancer [9, 10]. In this chapter, we highlight the contribution made by 
epigenetic alteration to the dysregulation of miRNA in CRC and discuss their clini-
cal application as biomarkers and therapeutic targets.

2  Screening for Epigenetically Silenced miRNA Genes  
in CRC

Genome-wide gene expression analysis is a powerful tool for identifying epigeneti-
cally silenced genes in cancer [11]. Expression of epigenetically silenced genes can 
be restored by inhibiting DNA methyltransferases (DNMTs) or histone deacetylases 
(HDACs), and the first evidence of an epigenetic mechanism involved in silencing 
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miRNAs in cancer came from just such a pharmacological unmasking experiment. 
Microarray-based screening of miRNAs in T24 human bladder cancer cells and 
normal fibroblasts (LD419) followed by treatment with 5-aza-2′-deoxycytidine 
(5-aza-dC), a DNMT inhibitor, and 4-phenylbutyric acid (PBA), an HDAC inhibi-
tor, revealed cancer-specific upregulation of miR-127 by the drugs [12]. The miR-
127 gene is embedded within a CGI, and its upregulation was associated not only 
with DNA demethylation but also with acetylation of histone H3 and trimethylation 
of histone H3 lysine 4 (H3K4me3), which are marks of active transcription.

Lujambio et al. carried out similar genetic unmasking experiments in CRCus-
ing the HCT116 cell line plus the same cell line with genetic disruption of both 
DNMT1 and DNMT3B (DNMTs KO) [13]. Microarray analysis revealed that 18 
of 320 miRNAs were upregulated in the DNMTs knockout (KO) cells. In addi-
tion, CGI hypermethylation was found for miR-124, miR-517c, and miR-373 in 
HCT116 cells. Among these, miR-517c and miR-373 are also densely methylated in 
normal colonic tissue, suggesting tissue-specific methylation. By contrast, all three 
miR-124 family genes (miR-124-1, miR-124-2, and miR-124-3) exhibited tumor-
specific methylation, and are frequently methylated in primary CRC tissues (42 of 
56; 75 %). miR-124 is thought to exert tumor suppressor effects by targeting cyclin-
dependent kinase 6 (CDK6), and epigenetic silencing of miR-124 leads to CDK6 
activation and Rb phosphorylation [13, 14]. We carried out similar screening by us-
ing quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) to ana-
lyze 157 miRNAs in three CRC cell lines (HCT116, DLD1, and RKO) treated with 
or without 5-aza-dC, as well as in DNMTs KO cells [15]. We identified 37 miRNAs 
that were significantly upregulated upon inhibition of DNMTs in CRC cells. These 
included miRNAs known to be silenced in CRC (e.g., miR-127 and miR-124) as 
well as novel targets not previously reported to be epigenetically silenced in CRC 
(e.g., miR-34b and miR-34c; see below).

Epigenetically silenced miRNA genes have also been identified through ge-
nome-wide DNA methylation analysis. Yang et al. performed deep sequencing 
of methylated DNA binding domain (MBD)-isolated DNA in HCT116 cells [16]. 
They found that 64 miRNA genes were located within 500 base pairs (bp) of ro-
bustly methylated regions. Among them, 5 were located in imprinting loci and 13 
were previously reported to be methylated. In addition, 46 miRNA genes showed 
potentially novel DNA methylation. Among these, the expression of 18 were con-
sistent with the DNA methylation status, and 8 were confirmed to be novel miR-
NAs regulated by DNA methylation. Subsequent functional assays revealed that 
ectopic expression of miR-941 and miR-1247 suppressed the growth and migration 
of CRC cells.

3 DNA Methylation of miRNA Genes in CRC

As mentioned, recent advances in microarray and sequencing technologies have 
enabled comprehensive analysis of the epigenome and miRNA expression in can-
cer cells. As a result, the list of miRNA genes silenced by methylation in cancer is 
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rapidly growing [9, 10]. In this section, we describe representative miRNA genes 
silenced in association with CGI methylation in CRC (see also Table 11.1).

3.1 miR-34 Family

Members of the miR-34 gene family (miR-34a, miR-34b, and miR-34c) are di-
rect targets of p53, and their ectopic expression in cancer cells induces cell cycle 
arrest and apoptosis [17, 18]. Within the human genome, miR-34a is located on 
chromosome 1p36, while miR-34b and miR-34c are co-transcribed from a single 
transcription unit on chromosome 11q23, and both are targets of CGI hypermeth-
ylation in various malignancies, including CRC [15, 19–22]. As mentioned above, 
our screening experiment identified miR-34b/c as a novel epigenetically silenced 
miRNA gene in CRC (Fig. 11.1) [15]. The CGI located in the proximal upstream of 
miR-34b/c is densely methylated in CRC cells, and restoration of its expression is 
associated with reduced DNA methylation and increased H3K4me3 in this region. 
Interestingly, this CGI region functions as a bidirectional promoter, and its hyper-
methylation also leads to epigenetic silencing of another tumor suppressor candi-
date, BTG4, which is transcribed in the opposite direction of miR-34b/c. Introduc-
tion of miR-34b/c into cancer cells lead to the downregulation of candidate target 
genes, including MET, cyclin-dependent kinase 4 (CDK4), cyclin E2 (CCNE2), and 
MYC [15, 23]. Likewise, restoration of endogenous miRNA expression through 
demethylation also downregulates target genes, suggesting miRNAs could be im-
portant targets for epigenetic cancer therapy [15]. These findings, as well as its 
contribution to the p53 network, strongly suggest that miR-34 family members act 
as tumor suppressors in cancer.

The miR-34b/c CGI is methylated in approximately 90 % of primary CRCs [15]. 
The high frequency of its methylation in CRC implies not only that miR-34b/c 
may function as an important tumor suppressor, but also that it could be an useful 

Table 11.1  miRNA genes silenced in association with CGI methylation in CRC
Name Target genes Reference
miR-1-1 FOXP1, MET, HDAC4, ANXA2, BDNF [41, 55]
miR-9 family FGFR1, CDK6, CDX2, MMP14 [23, 26, 56, 57, 58]
miR-34 family MET, CDK4, CCNE2, CDK6, C-MYC, E2F3 [15,19, 23]
miR-124 family CDK6 [13]
miR-127 BCL6 [12]
miR-129-2 SOX4 [26, 59]
miR-137 CDK6, LSD1 [40]
miR-148a TGIF2 [19]
miR-200 family ZEB1, ZEB2 [32]
miR-345 BAG3 [60]
miR-373 [61]
miR-941 [16]
miR-1237 [16]
miR-1247 [16]
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biomarker for detection of CRC. For instance, Kalimutho et al. reported that miR-
34b/c is methylated in 97.5 % (79 out of 82) of primary CRCs, and its methylation 
can be detected in 75 % (21 out of 28) of fecal specimens from CRC patients, which 
suggests that miR-34b/c methylation could be an ideal biomarker for CRC screen-
ing [24]. In addition, we showed the usefulness of DNA methylation detected in the 
mucosal wash fluid obtained during colonoscopy [25]. Cytologic and KRAS muta-
tion analysis suggest that mucosal wash fluid from invasive tumors contain greater 
number of tumor cells than wash fluid from noninvasive tumors. Taking advantage 
of this finding, we showed that DNA methylation of a panel of four genes, including 
miR-34b/c, in mucosal wash fluid could be a predictive marker of the invasiveness 
of CRC.

3.2 miRNA Gene Methylation Associated with Metastasis

Methylation of several miRNA genes has been implicated in cancer metastasis. 
Lujambio et al. searched for epigenetically silenced miRNAs in cancer cell lines 
established from lymph node metastases from colon cancer (SW620), melanoma 
(IGR37), and head and neck cancer (SIHN001B) [23]. Of the 389 miRNAs analyzed 
in a microarray, 57 were upregulated by 5-aza-dC treatment, among which 27 were 

Fig. 11.1  Epigenetic silencing of miR-34b/c in CRC. In normal cells, the miR-34b/c CGI is 
unmethylated and miR-34b/c is transcribed upon p53 activation. In CRC cells, the CGI is densely 
methylated and miR-34b/c is transcriptionally inactivated

 

11 Epigenetic Regulation of microRNA Genes in Colorectal Cancer



204

embedded within CGIs. Bisulfite sequencing analysis revealed hypermethylation 
of 16 miRNA genes, among which they identified 3 as targets of tumor-specific 
methylation (miR-148a, miR-34b/c, and miR-9 family). Within the human genome, 
three independent loci (miR-9-1, miR-9-2, and miR-9-3) encode the identical ma-
ture miR-9, and all three of these loci are hypermethylated in cancer. Functional 
studies confirmed that miR-148a and miR-34b/c suppress tumor growth, invasion, 
and metastasis through the targeting oncogenes, such as C-MYC, E2F3, CDK6, and 
TGIF2. Taken together with the finding that methylation of these miRNA genes is 
strongly associated with lymph node metastasis in primary tumors, the summarized 
results suggest that epigenetic silencing contributes to the development of cancer 
metastasis.

Several independent studies also confirmed an association between miR-9 meth-
ylation and metastasis. Bandres et al. used a sequential approach to identify tumor-
suppressive miRNAs epigenetically silenced in CRC. They selected five miRNA 
genes (miR-9, miR-124, miR-129, miR-137, and miR-149) that were frequently 
downregulated in CRC and were located within 1,000 bp of CGIs. Of those, three 
genes (miR-9-1, miR-129-2, and miR-137) exhibited tumor-specific methylation in 
primary CRC [26]. The methylation of miR-9-1 was frequently seen in advanced 
CRCs and was associated with lymph node involvement, vascular invasion, and 
metastasis. Moreover, methylation of miR-9-1 and miR-9-3 is reportedly associated 
with metastatic recurrence of clear cell-renal cell carcinoma [27], and methylation 
of miR-9-3 is associated with lymphovascular involvement and reduced survival 
rate in gastric cancer [28]. Thus, methylation of these miRNA genes could be a 
useful maker for predicting tumor prognosis and metastatic behavior. In addition, 
restoration of the silenced miRNAs could be an effective strategy for treating cancer 
patients with metastatic disease.

3.3 miR-200 Family

The miR-200 gene family (miR-200a, miR-200b, miR-200c, miR-141, and miR-
429) encode key regulators of epithelial–mesenchymal transition (EMT). They act 
by directly targeting zinc finger E-box binding homeobox 1 (ZEB1) and ZEB2, 
which are transcriptional repressors that downregulate CDH1 [29–31]. Within the 
human genome, the miR-200 family genes are grouped into two polycistronic units, 
miR-200b/200a/429 and miR-200c/141, located on chromosomes 1 and 12, respec-
tively [32]. Several studies have shown that expression of the miR-200 family is 
regulated by epigenetic mechanisms in both normal and cancer cells [33, 34], and 
that methylation of miR-200 family genes is associated with an invasive phenotype 
in breast, bladder, and non-small cell lung cancer [35–37].

Davalos et al. demonstrated that the CGIs upstream of both miR200 polycis-
tronic units (miR-200b/200a/429 and miR-200c/141) are unmethylated in cancer 
cells with epithelial features, but are methylated and silenced in transformed cells 
with mesenchymal characteristics [32]. They also found that in primary normal co-
lonic mucosa, the CGIs of miR-200 family genes are unmethylated within crypts 
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(epithelial component), but are hypermethylated in stromal cells (mesenchymal 
component). In primary CRC tumors, the stromal component again shows hyper-
methylation of both CGIs, while the tumor epithelium exhibited hypermethylation 
of the miR-200c CGI and reduced expression of E-cadherin. These results indicate 
that the epigenetic plasticity of the miR-200 family genes plays key roles in the 
evolution of malignant tumors.

3.4 miR-137

miR-137 is reportedly methylated in various human malignancies, including oral 
cancer, head and neck squamous carcinoma, gastric cancer, and CRC [20, 26, 38, 
39]. One recent study by Balaguer et al. showed that miR-137 is frequently methyl-
ated in CRC cell lines (100 %), primary CRC (81.4 %), and adenoma (82.3 %). By 
contrast, it is seen less frequently in normal colonic mucosae from CRC patients 
(14.4 %) and from healthy individuals (4.7 %), which suggests miR-137 methyla-
tion is an early event during colorectal tumorigenesis [40]. Ectopic expression of 
miR-137 in CRC cells suppresses cell proliferation, and gene expression microarray 
analysis revealed that a number of candidate target genes, including LDS1, AUR-
KA, and CDK6 are downregulated by miR-137. These results suggest the potential 
therapeutic value of miR-137 in CRC patients.

4 Chromatin Signatures miRNA Genes in CRC

4.1 Identification of miRNA Gene Promoters

Most of the miRNA genes reportedly hypermethylated in cancer are embedded 
within CGIs or are located proximal to them. However, miRNA expression profiles 
in cancer cells suggest that a larger number of miRNAs are potential targets of 
epigenetic silencing. For instance, by comparing miRNA expression signatures in 
CRC cell lines and normal colonic mucosa, we found that a majority of miRNAs 
are downregulated in CRC [41]. We also found that more than half of the down-
regulated miRNAs were upregulated by DNA demethylation. However, because of 
the poor annotation of primary miRNA genes, the precise locations of the promoters 
and transcription start sites (TSSs) are not fully elucidated, which in turn hampers 
our understanding of the epigenetic dysregulation of miRNAs.

In previous studies, miRNA gene promoters were identified based on specif-
ic genomic features such as RNA pol II-binding patterns [23, 24], evolutionally 
conserved regions [25], and computational prediction [42, 43]. It is also well docu-
mented that active promoters are marked by H3K4me3, and such histone modifica-
tions have been used successfully to identify miRNA gene promoters or TSSs in 
human embryonic stem (ES) cells and cancer cells [44, 45]. Recently, we carried 
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out genome-wide profiling of chromatin signatures in CRC cells and identified the 
active promoter regions of miRNA genes [41]. Using HCT116 and isogenic DN-
MTs KO cells, we performed chromatin immunoprecipitation (ChIP)-seq analysis 
with antibodies against H3K4me3, which marks active promoters; dimethylated 
histone H3 lysine 79 (H3K79me2), which is associated with transcriptional elon-
gation; and trimethylated histone H3 lysine 27 (H3K27me3), which is a repres-
sive mark. Representative chromatin signatures of the actively transcribed miRNA 
genes are shown in Fig. 11.2. Both the miR-200b cluster (miR-200b, miR-200a, 
and miR-429) and miR-34a are abundantly expressed in HCT116 cells, and the 
H3K4me3 mark is enriched in the upstream CGI region. Gene bodies are marked by 
H3K79me2, whereas both genes almost completely lack the repressive H3K27me3 
mark. Histone marks are also strong indicators of promoter regions located far up-
stream of the miRNA coding region. For instance, although the TSS of the host gene 
of miR-34a is located more than 20 kb upstream of the pre-miR-34a coding region, 
the H3K4me3 mark is clearly enriched in the TSS region (Fig. 11.2).

We used histone marks to identify active promoter regions in HCT116 and DN-
MTs KO cells [41]. More than half of miRNA genes are located within the introns 
of protein-coding or long noncoding RNA genes, and it is generally believed that 
such intragenic miRNAs share common promoters with their host genes [46]. Con-
sistent with that idea, we identified the putative promoter regions of 166 intragenic 
miRNAs, and most were at the TSS of the host genes. For the intergenic miRNAs, 
we searched 10 kb upstream for H3K4me3 marks and identified the putative pro-
moters for 67 of the genes. In total, we identified the putative promoters of 174 tran-
script units, encoding 233 distinct pre-miRNAs. On the other hand, the promoters of 
135 miRNAs, most of which were located in intergenic regions, remain unidentified 
despite their positive expression in CRC cells.

4.2 Identification of Epigenetically Silenced miRNA Genes

We next identified epigenetically silenced miRNA genes using the following crite-
ria: (a) miRNA showing little or no expression and an H3K4me3 mark in HCT116 
cells or (b) miRNA showing restored expression and an H3K4me3 mark in DNMTs 

Fig. 11.2  Chromatin signatures of transcriptionally active miRNA genes in CRC cells. ChIP-seq 
results for H3K4me3, H3K79me2, and H3K27me3 in transcriptionally active miRNA genes in 
HCT116 cells are shown
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KO cells. We identified 47 pre-miRNA genes encoded in 37 pri-miRNAs as poten-
tial targets of epigenetic silencing in HCT116 cells. Among them, the promoters of 
22 pri-miRNAs were associated with CGIs, and all of them were hypermethylated 
in HCT116 cells. In most cases, DNA demethylation led to increase in H3K4me3 
and H3K27me3 marks in the methylated CGIs of the miRNA genes, and H3K79me2 
marks were not restored by demethylation (Fig. 11.3a). This situation is similar to 
that of protein-coding genes hypermethylated in cancer. Studies have shown that tu-
mor suppressor genes with CGI methylation retain repressive histone modifications 
(H3K9me3 and H3K27me3), even after DNA demethylation [47, 48]. Moreover, it 
was further demonstrated that DNA demethylation never results in restoration of 
the H3K79me2 mark in tumor suppressor genes with CGI hypermethylation [49]. 
These observations suggest that once a CGI is hypermethylated in cancer, DNA 
demethylation alone is not sufficient to return to a full euchromatin state.

The CGI-methylated miRNA genes include a number of previously reported 
cancer-related miRNAs, including the miR-124 family, miR-9 family, miR-34b/c, 
and miR-129-2. In addition, we identified miR-1-1 as a novel target of epigenetic 
silencing in CRC (Fig. 11.3a). The CGI upstream of miR-1-1 is hypermethylated in 
67 % of CRC cell lines (6 out of 9), 78 % of primary CRCs (70 out of 90), and 69 % 
of colorectal adenoma (54 out of 78), suggesting that methylation of miR-1-1 is an 
early and frequent event in colorectal tumorigenesis. Functional analysis revealed 
that ectopic expression of miR-1 in CRC cells suppresses its putative target genes, 
including annexin A2 (ANXA2) and brain-derived neurotrophic factor (BDNF), 
and inhibits cell growth, migration, and invasion. Reduced expression of miR-1 is 
also reported in primary CRCs [50], and one recent study showed that miR-1 exerts 
tumor-suppressive effects by targeting MET in CRC cells [51].

Our analysis revealed that a number of miRNAs without promoter CGIs are 
also potential targets of epigenetic silencing in CRC. These miRNAs were identi-
fied through restoration of both their expression and H3K4me3 mark upon DNA 
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demethylation, but the H3K79me2 and H3K27me3 signatures varied among genes. 
Interestingly, miR-146a is characterized by lack of active histone marks and enrich-
ment of H3K27me3 in HCT116 cells, but both H3K4me3 and H3K79me2 were 
restored in DNMTs KO cells (Fig. 11.3b). Earlier studies provided evidence of its 
tumor suppressor roles in various cancers. For instance, loss of miR-146a was re-
ported in hormone-refractory prostate cancer [52], and expression of miR-146a sup-
pressed nuclear factor-kappa B (NF-κB) activity and metastatic potential in breast 
and pancreatic cancer cells [53, 54]. Collectively, these findings offer insight into 
the association between chromatin signatures and miRNA dysregulation in CRC, 
and they suggest that re-expression of epigenetically silenced miRNAs may con-
tribute to the effects of epigenetic therapy.

5 Concluding Remarks

In this chapter, we highlighted the roles of epigenetic alteration in the dysregulation 
of miRNAs in CRC. Aberrant DNA methylation and histone modification are major 
mechanisms underlying miRNA dysregulation in CRC, and methylation of a subset 
of miRNA genes may be useful biomarkers for detecting cancer and/or predicting 
clinical outcome. Furthermore, restoration of silenced tumor-suppressive miRNAs 
in cancer cells could be a promising strategy for cancer treatment. We anticipate that 
further studies of the cancer epigenome and miRNAs will lead to the discovery of a 
variety of novel biomarkers and potential therapeutic targets.
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Abstract Renal cell carcinoma (RCC), a genetically and histopathologically het-
erogeneous disorder, is the most lethal of all genitourinary cancers and is gener-
ally refractory to current treatment regimens, including chemotherapy and radiation 
therapy. Targeted therapies against critical signaling pathways associated with RCC 
pathogenesis, such as von Hippel–Lindau (VHL) tumor suppressor, vascular endo-
thelial growth factor (VEGF), and mammalian target of rapamycin (mTOR), have 
shown limited efficacy so far. Therefore, there has been much interest in identify-
ing novel biomarkers for early diagnosis, risk assessment, and the design of novel 
therapeutic interventions for the disease. MicroRNAs (miRNAs) have been shown 
to be differentially expressed in RCC and play an important role in RCC pathogen-
esis. Studies have analyzed global miRNA expression profiles and the functional 
role of specific miRNAs in RCC. Here, we review our current understanding about 
the role of miRNAs in RCC by summarizing findings from various studies. Several 
miRNA-profiling studies have been conducted to identify specific miRNA signa-
tures capable of distinguishing tumor from normal tissue, identifying RCC subtypes 
and the potential use of miRNAs in prognosis. Specific miRNAs have been found to 
be associated with key signaling pathways implicated in RCC pathogenesis (includ-
ing pVHL-HIF, VEGF, mTOR signaling). Although current knowledge of the role of 
miRNAs in RCC pathogenesis is far from complete, key future challenges await in 
the use of miRNAs as novel biomarkers for improved diagnosis, prognosis, and the 
development of novel therapies for improved clinical management of the disease.
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1 Introduction

Kidney cancer accounts for about 2 % of all cancers and worldwide > 250,000 
new cases of kidney cancer are diagnosed each year. The incidence and mortal-
ity rates for kidney cancer have increased over the past two decades [1]. Renal 
cell carcinoma (RCC) is the most common form of adult kidney cancer, and the 
most lethal genitourinary malignancy with more than 40 % mortality [2]. RCC is 
not a single disease; rather, it is comprised of a number of different histologically 
and genetically distinct types of cancer, each with a different clinical course and 
a different response to therapy [3–5]. These tumors typically originate in the lin-
ing of the proximal renal tubules [6]. Based on cytomorphological characteristics 
and presumed cellular origin, the major subtypes of RCC include clear cell RCC 
(ccRCC), papillary RCC (PRCC), chromophobe RCC (chRCC), and collecting duct 
carcinoma [7–9]. ccRCC is the major subtype, accounting for nearly 75–80 % of 
kidney tumors, and has the highest mortality rate (at more than 40 %) [10, 11]. This 
renal cortical tumor is typically characterized by malignant epithelial cells with 
clear cytoplasm filled with lipids and glycogen and a compact-alveolar (nested) or 
acinar growth pattern interspersed with intricate, arborizing vasculature. Frequent 
deletions of the chromosome 3p region harboring the von Hippel–Lindau (VHL) 
tumor suppressor gene( VHL) has been associated with ccRCC [12]. PRCC is the 
second most common RCC subtype (10–15 % of cases) that also originates from the 
proximal convoluted tubule. However, PRCC cases have significantly low cancer-
related deaths and tumor recurrence [13]. PRCC is traditionally subclassified by 
histological morphology as type 1 and type 2. Type 1 PRCC is characterized by 
tightly formed, cribiform papillae covered by small cuboidal cells with a single line 
of uniform nuclei and small nucleoli [14, 15]. This subtype is much more common 
than type 2 PRCC and tends to have a significantly better prognosis. Type 1 papil-
lary kidney cancer is often multifocal, bilateral, with a slow growth rate. Type 2 
papillary kidney cancer is characterized by large, less well-organized papillae with 
pleomorphic nuclei, prominent nucleoli, and nuclear pseudostratification [14, 15]. 
Type 2 papillary kidney cancer tends to be solitary and has a tendency to metas-
tasize early. chRCC originates from the distal tubule/collecting tubule, accounts 
for approximately 5 % of RCC [16], and has a significantly better prognosis than 
ccRCC [13]. Cells have a characteristic pale or eosinophilic granular cytoplasm, 
corresponding to the variable number of cytoplasmic microvesicles as observed by 
electron microscopy, and usually grow in large solid sheets [8]. Oncocytomas (5 %) 
are benign kidney tumors that do not metastasize [3, 17].

Initial treatment for RCC is commonly a radical or partial nephrectomy and re-
mains the mainstay for curative treatment [18]. When the tumor is confined to the 
renal parenchyma, the 5-year survival rate is 60–70 %, but the rate is considerably 
lower when metastases occur. Approximately 30 % of localized RCC cases develop 
metastatic recurrence [19] with poor prognosis due to the refractory nature of RCC to 
current treatment regimens. It is relatively resistant to radiation therapy and chemo-
therapy, although some cases respond to immunotherapy. Antitumor agents targeting 
angiogenesis and mammalian target of rapamycin (mTOR) signaling pathways are 
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currently used for treating metastatic RCC [20]. Targeted cancer therapies such as 
the anti-vascular endothelial growth factor (VEGF) monoclonal antibody (bevaci-
zumab), receptor tyrosine kinase inhibitors (sunitinib, sorafenib, and pazopanib) as 
well as the mTOR inhibitors (temsirolimus and everolimus) have improved the out-
look for RCC (progression-free survival), although they have not yet demonstrated 
improved survival and their efficiency is limited. Therefore, there has been much 
interest in identifying novel molecular biomarkers for early diagnosis and better risk 
assessment and to design novel therapeutic interventions for the disease.

2 Genetics of RCC

The majority of RCC occurs sporadically. However, several inherited RCC syndromes 
and familial RCC cases have been reported [21] such as VHL (inherited ccRCC), he-
reditary type 1 PRCC, Birt–Hogg–Dubé (BHD) syndrome (inherited-chromophobe, 
oncocytic hybrid RCC), and hereditary leiomyomatosis RCC (HLRCC) [3, 22]. 
Studies of the inherited forms of kidney cancer have led to the identification of a 

Fig. 12.1  MicroRNAs in the development and progression of RCC. Schematic illustration showing 
validated interactions of miRNAs with known dysregulated signaling pathways in RCC. Specific 
miRNAs have been found to be associated with key signaling pathways (including pVHL-HIF, 
VEGF, mTOR signaling) that lead to development and progression of RCC
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number of genes related to this disease and major advances in understanding the 
molecular basis of RCC. In addition, large-scale genomic studies of sporadic kidney 
tumors are beginning to provide clearer pictures of the genetics of RCC and the key 
pathways implicated in the initiation and progression of the disease [23].

The role of the VHL tumor suppressor gene, located on chromosome 3p25, is 
well established in RCC [3, 16, 24–26]. Inactivation of this gene plays an important 
role in 100 % of hereditary (VHL disease) and the majority of sporadic ccRCC. The 
protein encoded by the VHL gene is a component of the elongin complex and is 
involved in the ubiquitination and degradation of hypoxia-inducible factor (HIF), 
a transcription factor that plays a central role in the regulation of gene expression 
by oxygen. Allelic inactivation of the VHL gene has been shown to occur through 
mutation, DNA methylation, and/or chromosomal loss in the majority of ccRCCs 
[26]. Inactivation of the VHL gene leads to activation of the hypoxia pathway via 
hypoxia-inducible factor-1α (HIF1A) and HIF2α. This in turn activates expression 
of genes involved in the hypoxia response, angiogenesis, and other signaling path-
ways involving VEGF, platelet-derived growth factor (PDGF), and transforming 
growth factor α [24, 26–28]. In addition, VHL has number of other important func-
tions that are HIF-independent [29]. The Mesenchymal epithelial transition factor 
(MET) gene is mutated in 100 % of hereditary PRCC families and is also mutated 
in a subset of tumors (13 %) from patients with sporadic, type 1 papillary kidney 
cancer [3, 30]. The fumarate hydratase gene ( FH) is the gene for the inherited form 
of type 2 papillary kidney cancer associated with HLRCC [31]. Sporadic papillary 
type 2 RCC is composed of a mixture of kidney cancers including collecting duct 
RCC and medullary RCC. The gene(s) for sporadic type 2 papillary RCC, collecting 
duct RCC, and medullary RCC is not known. The folliculin gene ( FLCN) is mu-
tated in 96 % of families affected with the inherited form of chRCC and oncocytoma 
associated with BHD syndrome [3, 32–34]. The genes for the sporadic forms of 
chRCC and oncocytoma are also not known. However, identification of the genes 
that cause kidney cancer has improved the management of patients and provided a 
foundation for the development of therapeutic approaches for those patients with 
advanced forms of this disease [3].

3 MicroRNAs: New Players in RCC Pathogenesis

Recently, microRNAs (miRNAs) have been shown to be differentially expressed in 
RCC and their role in RCC pathogenesis is emerging. miRNAs are small noncoding 
RNAs that negatively regulate expression of multiple genes either by inducing trans-
lational silencing or by causing degradation of the messenger RNA (mRNA) of the 
targeted gene [35]. It has been firmly established that miRNAs control various key 
cellular processes such as proliferation, apoptosis, differentiation, and development 
[36], and are implicated in human diseases, including cancer [37]. Examination of 
tumor-specific miRNA expression profiles has revealed widespread dysregulation of 
these molecules in diverse cancers [38, 39], including RCC [40–43]. In fact, miRNA 
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expression profiles have been found to be more informative than mRNA profiling [39]. 
miRNAs have been identified that function as classical oncogenes or tumor suppres-
sor genes [37]. Genomic deletion or epigenetic silencing of an miRNA that normally 
represses expression of one or more oncogenes might lead to increased oncogenic ex-
pression. Alternatively, amplification, overexpression, or loss of epigenetic silencing 
of a gene encoding an miRNA that targets one or more tumor suppressor genes could 
inhibit the activity of an anti-oncogenic pathway [37]. Due to their tissue-specific and 
disease-specific expression patterns and tremendous regulatory potential, miRNAs 
may be important biomarkers for diagnosis and prognosis of human malignancies 
[44]. Due to their secondary structure, miRNAs are well preserved in formalin-fixed, 
paraffin-embedded (FFPE) samples compared to mRNA and can be extracted in intact 
form allowing accurate identification in archived clinical materials [45]. Their tissue 
specificity and tight regulation make them highly effective as biomarkers for tracing 
the tissue of origin of cancers of unknown primary origin [46].

The following sections provide a comprehensive review of the current knowl-
edge of the role of miRNAs in the development and progression of RCC. Future 
challenges relate to the utilization of the knowledge gained from these miRNA stud-
ies and their development as novel biomarkers for diagnosis, prognosis, and novel 
targeted therapies for RCC.

4 MicroRNA Profiling Studies in RCC

Considering that several molecular pathways are deregulated in tumor cells, high-
throughput analysis of miRNA expression is more likely to identify molecular 
mechanisms of carcinogenesis than the study of a single miRNA [47, 48]. Several 
miRNA-profiling studies have been conducted in RCC to identify specific miRNA 
signatures capable of the following: (1) distinguishing tumor from normal tissue, 
(2) identifying different RCC subtypes, and (3) searching for miRNAs with prog-
nostic information [40–43]. An overview of these studies is provided below and 
Table 12.1 summarizes the key findings of these miRNA-profiling studies.

4.1 Profiling Studies to Identify RCC-Specific miRNA Signatures

There have been several miRNA-profiling reports in RCC in this direction, though 
still a consensus has not been reached on RCC-specific miRNA signatures.

4.1.1  Profiling Studies to Identify RCC-Specific miRNA Signatures in RCC 
Tissues

Gottardo et al. [40] analyzed the expression profile of 245 miRNAs in kidney pri-
mary tumors and reported that a set of four human miRNAs (miR-28, miR-185, 
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Study Summary of results Reference
1. Profiling studies to identify RCC-specific miRNA signature
Profiling studies to identify RCC-specific miRNA signatures in RCC tissues
Gottardo et al. miR-28, miR-185, miR-27, let-7f-2 significantly upregulated in 

cancer vs. normal
[40]

Nakada et al. miR-141 and miR-200c significantly downregulated in RCC vs. 
normal kidney

[49]

Juan et al. Identified a panel of 10 miRNAs (miR-200c, miR-185, miR-34a, 
miR-142-3p, miR-21, miR-155, miR-224, miR-210, and miR-592) 
that could distinguish ccRCC from normal kidney

[42]

Yi et al. 48 miRNAs significantly downregulated (including miR-141 and 
miR-200c) and 38 upregulated in RCC vs. normal kidney

[50]

Jung et al. 13 overexpressed (including miR-16, -452*, -224, -155, and -210) and 
20 downregulated miRNAs (miR-200b, -363, -429, -200c, -514 and 
-141) in ccRCC vs. normal. Combination of miR-141 and miR-155 
expression as classifier for ccRCC

[43]

White et al. Significant upregulation of miR-122, miR-155, and miR-210 and 
downregulation of miR-200c, miR-335, and miR-218

[51]

Chow et al. Significant upregulation of miR-122 and downregulation of miR-199* 
and miR-200c

[52]

Weng et al. Confirmed significant downregulation of miR-141 and miR-200 in 
RCC

[54]

Osanto et al. 100-miRNA signature distinguishes ccRCC from normal kidney [55]
Profiling studies to identify serum biomarkers for RCC
Wulfken et al. Identified high serum levels of miR-1233 as a potential biomarker for 

RCC
[58]

Redova et al. Increased miR-378 and decreased miR-451 serum levels in RCC 
patients

[59]

2. Profiling studies to identify RCC subtypes
Nakada et al. ccRCC and chromophobe RCC have significantly different miRNA 

expression patterns
[49]

Petillo et al. Unique miRNA signature for each of the four major subtypes of RCC [61]
Fridman et al. Accurate classification of each RCC subtype using a decision tree 

classifier based on six miRNAs
[63]

Youssef et al. Developed a classification system to distinguish the different RCC 
subtypes using unique miRNA signatures

[64]

Powers et al. Three miRNAs could differentiate papillary RCC from ccRCC and 
four miRNAs could differentiate oncocytomas from chRCCs

[66]

3. Profiling studies to identify RCC specific miRNAs with prognostic potential  
Metastasis associated miRNAs

Heinzelmann 
et al.

33 downregulated miRNAs distinguish metastatic and non metastatic 
ccRCC (including miR-451, miR-221, miR-30a, miR-10b, and 
miR-29a)

[69]

White et al. Identified miR-10b, miR-196a and miR-27b as downregulated and 
miR-638, miR-1915 and miR-149* as significantly upregulated in 
metastasis vs primary RCC

[70]

Khella et al. Downregulation of miRNA-10b, miR-126, miR-196a, miR-204, 
miR-215, miR-192, and miR-194 in metastatic ccRCC

[71]

Wu et al. Four-miRNA signature for ccRCC metastasis and progression 
(downregulated miR- 10b, miR-139-5p and upregulated miR-130b, 
miR-199b-5p)

[72]

Table 12.1  Summary of miRNA-profiling studies in RCC
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miR-27, and let-7f-2) were significantly upregulated in RCC compared to normal 
kidney. Nakada et al. [49] performed a systematic miRNA expression analysis in 
ccRCC and chRCC by using an miRNA microarray platform which covered a to-
tal of 470 human miRNAs (Sanger miRBase release 9.1) and reported numerous 
miRNAs whose expression was altered. They reported that miR-141 and miR-200c 
were the most significantly downregulated miRNAs in RCC that target ZEB2, a 
transcriptional repressor of E-cadherin [49]. Juan et al. [42] identified a panel of 10 
miRNAs (miR-200c, miR-185, miR-34a, miR-142-3p, miR-21, miR-155, miR-224, 
miR-210, and miR-592) that could distinguish ccRCC from normal kidney. Four 
of the upregulated miRNAs identified in this study (miR-21, miR-155, miR-34a, 
miR-210) have strong correlation with other tumorigenic states and are commonly 
dysregulated in other solid tumors. Yi et al. [50] profiled miRNA expression in 
30 pairs of RCC and adjacent nontumorous tissues using an miRNA microarray 
platform which had a total of 847 human miRNAs (Sanger miRBase release 11.0). 
They reported that 86 miRNAs were differentially expressed between RCC and 
normal kidney tissue of which 48 were significantly downregulated in RCC (includ-
ing miR-141 and miR-200c) and 38 were upregulated. miRNA profiling of ccRCC 
samples by Jung et al. identified 13 overexpressed and 20 downregulated miR-
NAs including increased expression of miR-16, miR-452*, miR-224, miR-155, and 
miR-210, and decreased expression of miR-200b, miR-363, miR-429, miR-200c, 
miR-514, and miR-141 [43]. No significant associations between these differen-
tially expressed miRNAs and clinicopathological factors (tumor stage, tumor grade, 
and survival rate) were observed, though miRNA profiles could clearly differentiate 
between malignant and nonmalignant tissues. In particular, a combination of miR-
141 and miR-155 expression profiles resulted in 97 % of overall correct classifica-
tion of ccRCC tumors [43]. In another profiling study, White et al. reported 166 
miRNAs that were significantly dysregulated in ccRCC, including miR-122, miR-
155, and miR-210, which had the highest overexpression, and miR-200c, miR-335, 
and miR-218, which were the most downregulated [51]. Their analysis showed that 
miR-155 expression correlated with ccRCC size [51]. Profiling of ccRCC samples 
by Chow et al. identified upregulated expression of miR-122 and downregulated 

Study Summary of results Reference
Wotschofsky 

et al.
Downregulation of 23 miRNAs (miR-10b/-19a/-19b/-20a/-29a/-29b/-

29c/-100/-101/-126/-127/-130/-141/-143/-145/-148a/-192/-194/-
200c/-210/-215/-370/-514) in metastatic RCC

[73]

miRNAs associated with early relapse
Slaby et al. 64 miRNAs associated with relapse after nephrectomy (including 

downregulation of miR- 143, miR-26a, miR-145, miR-10b, miR-
195, and miR-126 expression)

[75]

This table summarizes the key findings of miRNA-profiling studies in RCC. Several of these 
studies have identified (1) RCC-specific miRNA signatures capable of distinguishing tumor from 
normal tissue, (2) miRNA signatures capable of distinguishing between different subtypes of RCC, 
and (3) miRNAs for prognosis

Table 12.1 (continued)
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levels of miR-199* and miR-200c among other miRNAs [52]. Liu et al. identified 
a subset of robust, tissue-specific, direct functional mRNA targets of dysregulated 
miRNA in ccRCC in patient-matched tumor/normal samples [53]. This study re-
vealed many new regulatory pathways in ccRCC. For instance, loss of miR-149, 
miR-200c, and miR-141 caused gain of function of oncogenes (KCNMA1, LOX), 
VEGF-A, and SEMA6A, respectively, and increased levels of miR-142-3p, miR-
185, miR-34a, miR-224, and miR-21 caused loss of function of tumor suppressors 
LRRC2, PTPN13, SFRP1, ERBB4, and (SLC12A1, TCF21), respectively. They 
also found strong anticorrelation between VEGF-A and the miR-200 family (miR-
200a*, miR-200b, miR-200c, and miR-141) [53].

Recently, a newly advanced next-generation sequencing (NGS) technology has 
been replacing conventional microarray-based platforms at least at the discovery 
level for whole-genome miRNA expression in RCC. This technology enables ge-
nome-wide expression profiling of known miRNAs and discovery of novel miR-
NAs with high quantitative and qualitative accuracy. Weng et al. profiled both 
frozen and paraffin-embedded RCC samples using microarray, deep-sequencing, 
and reverse transcriptase polymerase chain reaction (RT-PCR) methodologies and 
found that there was a high correlation between the three technologies. Their study 
confirmed the importance of miR-141 and miR-200 downregulation in RCC [54]. 
This was the first study to demonstrate that FFPE specimens can be used reliably for 
miRNA deep-sequencing analysis, making future large-scale clinical cohort/trial-
based studies possible [54]. In another recent study, NGS allowed the identification 
of a 100-miRNA signature distinguishing ccRCC from normal kidney [55]. In sum-
mary, the expression profiling results of the various array studies are not consistent, 
though these studies show some overlapping results. The discrepancies between 
results may arise from differences in samples, sample preparation, and the different 
microarray platforms used. Nonetheless, the data indicate that dysregulated miR-
NAs may play a pivotal role in the pathogenesis of ccRCC.

4.1.2 Profiling Studies to Identify Serum Biomarkers for RCC

miRNAs are highly stable and are resistant to RNAse, extreme pH, and temperature 
in body fluids [56, 57] and consequently are highly abundant in plasma, serum, 
and other body fluids. Circulating miRNAs in biological fluids have shown great 
potential to serve as novel biomarkers for noninvasive diagnosis and prognosis of a 
wide range of solid cancers. The use of miRNAs as serum and urine biomarkers is 
particularly attractive for RCC patients as the kidney is in direct contact with blood 
and urine. In this direction, Wulfken et al. 2011. identified high circulating levels 
of miR-1233 in serum as a potential biomarker for RCC patients [58]. A recent 
study also suggests that levels of miR-378 are increased, while those of miR-451 
are decreased in the serum of RCC patients and that a combination of miR-378 and 
miR-451 levels enable identification of RCC with high specificity and sensitivity 
[59]. Another recent study suggests that miR-378 is unlikely to provide helpful 
diagnostic/prognostic information in RCC as the serum levels of this miRNA were 
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not correlated with clinicopathological characteristics such as pT stage, Fuhrman 
grade, and lymph node/distant metastasis [60].

4.2 Profiling Studies to Identify RCC Subtypes

As summarized in Table 12.1, studies suggest that miRNA profiles can be used to 
pathologically differentiate the various histological subtypes of RCC. Nakada et al. 
[49] reported that ccRCC and chRCC had significantly different miRNA expres-
sion patterns. Petillo et al. screened the expression levels of miRNAs in the four 
histological subtypes of RCC (clear cell, papillary, and chromophobe and benign 
renal oncocytomas) and found a unique miRNA signature for each subtype of re-
nal tumor [61]. Furthermore, they identified unique patterns of miRNA expression 
distinguishing ccRCC cases with favorable vs. unfavorable outcome. Specifically, 
they documented the overexpression of miR-424 and miR-203 in ccRCC relative 
to PRCC, as well as the inversion of expression of miR-203 in benign oncocy-
tomas (where it is underexpressed relative to normal kidney) as compared to the 
malignant chRCC (where it is overexpressed relative to normal kidney) [61]. Five 
miRNAs (including miR-200b) could separate histologically similar tumors, such 
as oncocytomas and chRCCs [62]. In another study of paraffin-embedded tumor 
samples from different histological RCC subtypes, similarity in miRNA expression 
was found between oncocytoma and chromophobe subtypes as well as between 
clear cell and papillary tumors [63]. Accurate classification of each RCC subtype 
was demonstrated using a decision tree classifier based on six miRNAs, and this ap-
proach was validated in an independent population, achieving a correct diagnosis in 
93 % of cases. This study defined a two-step decision tree classifier that uses expres-
sion levels of six miRNAs: The first step uses expression levels of hsa-miR-210 and 
hsa-miR-221 to distinguish between the two pairs of subtypes; the second step uses 
either hsa-miR-200c with hsa-miR-139-5p to distinguish oncocytoma from chro-
mophobe or hsa-miR-31 with hsa-miR-126 to distinguish conventional from papil-
lary tumors. This classifier was validated on an independent patient cohort [63]. 
Youseff et al. confirmed the concept of miRNAs as molecular markers to identify 
different RCC subtypes and developed a classification system that could distinguish 
the different RCC subtypes using unique miRNA signatures in a maximum of four 
steps [47, 64]. Their analysis showed that nearly 100 miRNAs were differentially 
expressed among RCC subtypes. The clear cell subtype was more related to papil-
lary subtype and both these subtypes were completely different from oncocytoma 
and chromophobe tumors. Using a stepwise decision tree, the authors demonstrated 
that the system has a sensitivity of 97 % in distinguishing normal from RCC, 100 % 
for ccRCC subtype, 97 % for PRCC subtype, and 100 % accuracy in distinguishing 
oncocytoma from chRCC subtype. This system was cross-validated and it showed 
an accuracy of about 90 % [47, 64]. In a recent study, Powers et al. identified a set 
of 18 miRNAs that were significantly different among the four tumor RCC sub-
types. Four miRNAs could differentiate oncocytomas from chRCCs and a set of 
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three miRNAs could differentiate PRCC from ccRCC, including miR-126, a known 
vasculogenic miRNA [65, 66].

4.3  Profiling Studies to Identify RCC Specific miRNAs  
with Prognostic Potential

miRNAs possess significant potential as prognostic biomarkers and have been 
shown to play important roles in tumor progression and metastasis [67, 68]. In 
RCC, several profiling studies have been done to identify miRNAs with prognostic 
potential as summarized in the following sections (Table 12.1).

4.3.1 Metastasis-associated miRNAs

Studies have examined miRNA expression profiles in metastatic ccRCC tissues 
compared to the primary tumors. Heinzelmann et al. reported a signature of 33 
downregulated miRNAs that distinguish metastatic and nonmetastatic ccRCC, in-
cluding miR-451, miR-221, miR-30a, miR-10b, and miR-29a [69]. This study also 
found correlations between expression levels of specific miRNAs with progression-
free survival and overall survival [69]. White et al. identified 65 miRNAs that were 
significantly altered in metastatic compared with primary RCCs. In all, nine (14 %) 
had increased expression, whereas 56 (86 %) had decreased expression. miR-10b, 
miR-196a, and miR-27b were the most downregulated, whereas miR-638, miR-
1915, and miR-149* were the most upregulated in metastasis when compared with 
primary RCCs [70]. The downregulation of miRNA-10b, miR-126, miR-196a, 
miR-204, miR-215, miR-192, and miR-194 in metastatic ccRCC was validated in 
another study [71]. Target prediction analysis showed that miRNAs that are differ-
entially expressed in metastasis can play a role in metastatic ccRCC pathogenesis 
by targeting key molecules such as VEGF, HIF1α subunit, platelet-derived growth 
factor B (PDGFB), and platelet-derived growth factor C (PDGFC) [71]. Wu et al. 
identified a four-miRNA signature for ccRCC metastasis and progression where the 
expression levels of miR-10b, miR-139-5p, miR-130b, and miR-199b-5p were used 
to determine the status of ccRCC metastasis [72]. miR-199b-5p and miR-130b were 
overexpressed in metastatic tumors, while miR-10b and miR-139-5p were down-
regulated [72]. A recent study reported a total of 23 miRNAs (miR-10b/-19a/-19b/-
20a/-29a/-29b/-29c/-100/-101/-126/-127/-130/-141/-143/-145/-148a/-192/-194/-
200c/-210/-215/-370/-514) that were downregulated in metastatic tissue samples 
compared with normal tissues primarily due to epigenetic modifications [73]. An-
other study investigated the molecular signatures and underlying genomic aberra-
tions associated with RCC metastasis and found that increased metastatic activity is 
associated with acquisition of a myofibroblast-like signature in both tumor cell lines 
and in metastatic tumor biopsies [74]. miRNA-induced expression and epigenetic 
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silencing accounted for the change in expression of a significant number of genes, 
including myofibroblastic marker S100A4 [74].

4.3.2 miRNAs Associated with Early Relapse

One of the clinical challenges in RCC is the lack of prognostic biomarkers enabling 
identification of patients at high risk of relapse after nephrectomy, and individual-
ized therapy and follow-up for these patients. Slaby et al. described a tumor relapse-
miRNA signature based on the expression of 64 miRNAs differentially expressed 
between relapse-free RCC patients and those who developed relapse (20 miRNAs 
were increased, 44 miRNAs were decreased) [75]. In the validation phase of the 
study, the authors confirmed that expression levels of miR-143, miR-26a, miR-145, 
miR-10b, miR-195, and miR-126 are lower in the tumors of RCC patients who de-
veloped tumor relapse and the lowest levels of these miRNAs were observed in pri-
mary metastatic tumors. By using Kaplan–Meier analysis, this study identified that 
miR-127-3p, miR-145, and miR-126 are significantly correlated with relapse-free 
survival of nonmetastatic RCC patients [75]. Petillo et al. reported that overexpres-
sion of miR-32 is associated with poor outcome [61].

5 MicroRNAs in RCC Pathogenesis

miRNAs impact key cellular processes in RCC including cell proliferation, apop-
tosis, invasion, migration, and metastasis. Specific miRNAs have been found to 
be associated with key signaling pathways implicated in RCC pathogenesis (in-
cluding pVHL-HIF, VEGF, mTOR signaling). The following section and Fig. 12.1 
summarize the studies examining the functional role of specific miRNAs in RCC 
pathogenesis.

5.1 miRNAs Related to the pVHL-HIF Pathway

The VHL protein (pVHL), which is defective in the majority of patients with ccRCC, 
plays a well-characterized role in the pathogenesis of kidney cancer through both 
HIF-dependent and HIF-independent pathways [24, 26, 27, 29]. pVHL is mainly 
involved in the ubiquitination and degradation of HIF1α, a transcription factor that 
plays a central role in the regulation of gene expression by oxygen. In the presence 
of oxygen, hydroxylation of two proline residues and acetylation of a HIF1α lysine 
residue occurs and pVHL binds and degrades HIF1α through the ubiquitin-26S pro-
teasome system. Hence, under normoxic and VHL-activated conditions, HIF1α is 
inactivated. However, under hypoxic and VHL-inactivated conditions, pVHL can-
not bind to HIF1α, which remains stable and accumulates and binds to HIF1β to 
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form the HIF1α–HIF1β heterodimer. This leads to activation of the hypoxic pattern 
of gene expression including increased expression of genes involved in angiogen-
esis and other signaling pathways such as VEGF, PDGF, etc. [28, 76]. Cancer states 
are typically characterized by hypoxia, enhanced HIF1α levels, and increased ex-
pression of hypoxia-regulated genes, which correlate with tumor progression and 
patient outcome [77, 78]. In agreement with this, ccRCC tumor growth depends 
on abundant angiogenesis and activation of glycolytic metabolic pathways that re-
sult from VHL loss and induction of the HIF gene and its targets. Tumor hypoxia 
has been shown to be a prognostic factor in solid tumors [79–82] and miRNAs 
have also been shown to be altered in response to hypoxia [83]. In particular, the 
hypoxia-responsive miR-210 has been described to be ubiquitously upregulated by 
HIF1α in hypoxic tumors [84–86]. Camps et al. reported that under hypoxic condi-
tions, miR-210 exhibits a significant change in breast cancer, mediated through the 
HIF1α/VHL system [87]. Increasing evidence suggests that miRNAs are involved 
in the regulation of VHL expression in RCC, though regulation of VHL pathway 
components by miRNAs remain underexplored in RCC [88]. Although interactions 
between miRNAs and the pVHL/HIF1α signaling pathway have been hypothesized, 
direct interactions between miRNAs and the components of this pathway have only 
recently been described [88, 89]. An overview of the miRNAs related to VHL sig-
naling pathway is schematically summarized in Fig. 12.1. Fendler et al. [88] per-
formed an analysis of miRNAs predicted to regulate the VHL pathway based on 
target prediction algorithm TargetScan 5.1 [90] and reported that a number of miR-
NAs may target six genes that are components of this signaling pathway. The miR-
17-5p cluster targets VHL, HIF1A, egl nine homolog 1 (Caenorhabditis elegans) 
(EGLN1), egl nine homolog 3 (C. elegans; EGLN3), E1A binding protein p300 
(EP300); and CREB binding protein (CREBBP). miR-200b, miR-200c, and miR-
429 target VHL, transcription elongation factor B (SIII), polypeptide 1 (15 kDa, 
elongin C;TCEB1), EGLN1/3; EP300; and CREBBP [88].

Valera et al. reported that ccRCC, in either sporadic or hereditary forms, showed 
hypoxic activation of miR-210 when compared to tumors of non-clear cell histol-
ogy. Also, they reported an inverse correlation between miR-92 and VHL mRNA 
levels suggesting a regulatory effect of miR-92 on the VHL gene [91]. Gleadle and 
colleagues showed that miRNA expression can be VHL-dependent in RCC [92, 93]. 
To examine the VHL-dependent regulation of miRNAs, they performed microarray 
analysis of renal cell line RCC4 with mutated VHL (RCC4-VHL) and reintroduced 
wild-type VHL (RCC4 + VHL). This identified a number of significantly dysregu-
lated VHL-dependent miRNAs. Interestingly, some of these miRNAs had altered 
expression as a consequence of HIF upregulation as previously documented in the 
literature, other miRNAs were dysregulated in an HIF-independent manner [92, 
93]. This pattern of regulation was also seen in ccRCC tissue for several miRNAs 
(miR-210, miR-155, let-7i, and members of the miR-17-92 cluster) when compared 
with normal tissue. A significant increase in miR-210, miR-155, and miR-21 ex-
pression was observed in the tumor tissue. The level of HIF- and VHL-regulated 
miR-210 showed marked increases in expression in renal cancer tissues. miR-210 
levels showed correlation with VHL mutation or promoter methylation and also a 
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HIF-regulated mRNA, carbonic anhydrase IX (CAIX). An inverse correlation was 
observed between miR-210 expression and patient survival, and a putative target of 
miR-210, iron–sulfur cluster assembly protein (ISCU1/2), had reciprocal levels of 
mRNA expression in tumors [92]. A recent study suggests that silencing of miR-210 
expression in RCC cell lines led to decreased viability, G2 phase cell cycle arrest, 
and reduced migratory and invasive potential through downregulation of HIF1α and 
other target mRNAs [94]. Lichner et al. demonstrated that miR-17-5p and miR-224 
directly target pVHL and HIF1α supporting the concept that miRNAs represent an 
alternative mechanism for the inactivation of pVHL in ccRCC [95]. Recently, it has 
been reported that miR-204 is a VHL-regulated tumor suppressor miRNA in ccRCC 
that inhibits macroautophagy, with MAP1LC3B (LC3B) as a direct and functional 
target [96]. Using human ccRCC specimens, VHL-deficient cells, and xenograft 
models, the authors show that miR-204 is a VHL-regulated tumor suppressor that 
inhibits LC3B-mediated autophagic program that is necessary for tumor growth. 
Of note, higher tumor grade of human ccRCC was correlated with a concomitant 
decrease in miR-204 and increase in LC3B levels, indicating that LC3B-mediated 
macroautophagy is necessary for RCC progression. The authors show that loss of 
VHL promotes in an HIF-independent manner, access to nutrients from intracellular 
sources through activation of LC3B-mediated autophagy. Dependence of cancer 
cells on oncogenic autophagy has been demonstrated previously [97, 98] whereby 
cells eliminate defective organelles and molecules to recycle nutrients for survival 
under deprived conditions. This autophagic program is necessary for tumor growth. 
VHL, in addition to inducing endogenous miR-204, triggered the expression of 
LC3C, an HIF-regulated LC3B paralog, that suppressed tumor growth. These data 
revealed the miRNA-mediated role of VHL as a tumor-suppressing regulator of au-
tophagic programs. The dependence of cancer cells on oncogenic autophagy creates 
the possibility that miR-204 could be used in ccRCC therapy with minimal effects 
on normal renal cells [96]. Liu et al. reported that miR-23b, which is upregulated in 
RCC, can directly target proline oxidase, a novel mitochondrial tumor suppressor 
that induces apoptosis through the generation of reactive oxygen species (ROS) and 
decreased HIF signaling [99]. In addition, miR-21 is a hypoxia-regulated miRNA 
that is overexpressed in several solid tumors including renal cancers and plays a 
key role in regulating cell apoptosis by targeting multiple genes in RCC including 
tissue inhibitor of metalloproteinase 3 (TIMP3) [100, 101]. HIF1α is a key down-
stream target of miR-21 in regulating tumor angiogenesis [102]. In prostate cancer 
cell line Du145, miR-21 induces tumor angiogenesis through targeting phosphatase 
and tensin homolog (PTEN), leading to activation of AKT and ERK1/2 signaling 
pathways, and thereby enhancing HIF1α and VEGF expression [102]. Song et al. 
reported that miR-138 directly targets HIF1α in a ccRCC cell line (786-O) and 
thereby regulates apoptosis and migration of ccRCC cells [103]. Based on target 
prediction algorithms, miR-20a, miR-130a, miR-519a, miR-519c, and miR-338 
potentially target the HIF1α 3′-untranslated region (UTR) [64]. Out of these, miR-
519c and miR-20a suppressed luciferase activity of the HIF1α 3′-UTR in 293T 
human embryonic kidney cells. This study showed miR-519c as a hypoxia-indepen-
dent regulator of HIF1α, acting through direct binding to the HIF1α 3′ untranslated 
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region and leading to reduced tumor angiogenesis [104]. However, the role of this 
miRNA has not been studied in RCC. Similarly, miR-22 and miR-20b have been 
shown to regulate HIF1α and VEGF in other cancers [105, 106] and remain unex-
plored in RCC.

5.2 miRNAs and the VEGF Pathway

The VEGF signaling pathway, a relevant target for molecular therapy in RCC, is 
transcriptionally regulated by the HIF transcription complex during hypoxia or due 
to loss of VHL in renal cell cancer. VEGF is a potent proangiogenic protein which 
plays a key role in tumor angiogenesis [107] and exerts its effects by binding to the 
VEGF receptor (VEGFR) on endothelial cells [108]. The VEGF signaling pathway 
is an attractive target for existing and novel RCC therapies [109]. Several drugs 
inhibiting VEGF signaling have been approved for treatment of mRCC including 
bevacizumab (a monoclonal antibody that binds circulating VEGF) and tyrosine 
kinase inhibitors (TKIs) (sunitinib, sorafenib, and pazopanib). miRNAs are promis-
ing new molecules that regulate VEGF signaling and are potential novel targets for 
therapy of RCC [88]. Target prediction algorithms suggest that the VEGF signal 
transduction pathway might be targeted by well-known dysregulated miRNAs in 
renal cancer, including miR-200b, miR-200c, miR-141, or the miR-17-5p-92 clus-
ter [88]. In addition, miR-361-5p, miR-29c, miR-29b, miR-29a, and miR-126 are 
predicted to target VEGF-A [71]. Interactions between miRNAs and the VEGF sig-
naling pathway have not been well studied in RCC [88] though there are a few 
studies in this direction. A recent report suggests a negative correlation of expres-
sion of miR-126 and VEGF-A [71]. A strong inverse correlation between the miR-
200 family (miR-200a-c, miR-141) and VEGF-A has been reported suggesting that, 
VEGF-A is a direct target of these miRNAs [53]. Sinha et al. reported that miR-29b 
indirectly regulates VEGF expression in renal cancer cells [110].

5.3 miRNAs and the mTOR Pathway

mTOR is a kinase that plays a central role in integrating input from upstream path-
ways, including insulin-like growth factors (such as IGF-1, IGF-2), amino acids, 
cellular nutrients, energy levels, and redox status to regulate cell growth, metabo-
lism, and survival [111]. mTOR has emerged as a major effector of cell growth 
and proliferation via the regulation of protein synthesis through a number of di-
rect or indirect downstream targets. The mTOR pathway is dysregulated in human 
cancers including RCC [112]. Activated mTOR contributes to cancer progression 
through its effect on the cell cycle such as acceleration of G1 to S phase transition, 
or by promoting the translation of growth-associated mRNAs. HIF1α expression 
and function is induced by mTOR [113]. In RCC, activated mTOR leads to HIF1α 
accumulation leading to increased expression of downstream target genes such as 
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VEGF. mTOR is clearly an important therapeutic target for advanced RCC and 
mTOR inhibitors temsirolimus and everolimus are currently being used for treat-
ment of metastatic RCC patients [20]. Given the clinical relevance of the mTOR 
pathway in RCC, an understanding of the role of miRNAs in relation to mTOR 
complex signaling may inform their role in RCC pathogenesis and guide further 
drug development strategies in this direction.

The mTOR complex 1 (mTORC1), composed of mTOR, is hyperactivated in 
the majority of human RCC samples [114, 115]. Increased knowledge of mTORC1 
signaling has demonstrated that mTORC1 acts both downstream and upstream of 
PI3K-AKT signaling. The PI3K–AKT axis is activated in virtually all human can-
cers and the wide range of tumorigenic phenotypes mediated by PI3K–AKT sig-
naling is consistent with the existence of diverse downstream effectors including 
Forkhead box O-class transcription factors (FoxOs), glycogen synthase kinase 3 
(GSK3), and MDM2 (Fig. 12.1) [116, 117]. The mammalian FoxO transcription 
factors (FoxO1, FoxO3, FoxO4) function in the nucleus to direct transcription of 
specific gene targets governing cellular survival, proliferation, metabolism, differ-
entiation, and oxidative defense. Activation of PI3K by extracellular growth factors 
leads to AKT-mediated phosphorylation of FoxO1, FoxO3, and FoxO4, resulting in 
their sequestration in the cytoplasm such that they are unable to regulate their gene 
targets. Gan et al. showed that expression of FoxO transcription factors is down-
regulated in most human ccRCC and papillary carcinomas. Their study demonstrat-
ed that FoxOs enforce a critical checkpoint that functions to constrain mTORC1-
mediated renal tumorigenesis by inhibiting Myc via transcriptional regulation of 
miR-145. miR-145, which is known to target Myc [118], harbors two putative FoxO 
binding elements within 2 kb upstream of the miR-145 transcriptional start site. 
Thus, FoxOs suppress Myc expression through miR-145 regulation in renal cancer 
[117] miR-27a also negatively regulates the tumor suppressor FOXO1. Upregula-
tion of FOXO1 by miR-27a inhibitor led to an antiproliferative effect in RCC cell 
lines [119]. Recently Cui et al. reported that miR-99a is downregulated in RCC and 
low expression levels of miR-99a is correlated with poor survival of RCC patients. 
Functional studies suggested that miR-99a restoration suppressed RCC growth, mi-
gration, and invasion as well as induced G1-phase cell cycle arrest in vitro and in-
hibited tumor growth in vivo partially via direct targeting of mTOR [120]. Another 
study showed that miR-199a-3p targets mTOR and c-MET and may have therapeu-
tic benefit in highly lethal cancers including RCC (ccRCC and PRCC) [121].

5.4  MicroRNAs Related to Cell Survival/Apoptosis, Cell 
Proliferation, Migration, and Invasion

Cell proliferation, survival, migration, and invasion are among the common 
elements required by tumor cells for growth and progression in target microenvi-
ronments. miRNAs influence all these fundamental cellular processes involved in 
carcinogenesis (Fig. 12.1). The reports on miRNAs involved in RCC pathogenesis 
that influence these cellular processes are summarized in the following sections.
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5.4.1 MicroRNAs Related to Apoptosis and Cell Proliferation

Apoptosis is a well-orchestrated cellular mechanism that balances cell proliferation 
and cell death and the ability to evade apoptosis is a hallmark of tumorigenesis. 
Several miRNAs have been implicated to influence this cellular process and also 
cellular proliferation as outlined below.

Tumor Suppressive miRNAs Related to Apoptosis and Cell Proliferation

Our laboratory identified miR-708 as an important pro-apoptotic microRNA. miR-
708 expression was widely attenuated in human RCC specimens. Restoration of 
miR-708 expression in RCC cell lines decreased cell growth, clonability, invasion, 
and migration and elicited a dramatic increase in apoptosis through the cleavage 
of caspase-7 and caspase-3 in RCC cell lines. Moreover, intratumoral delivery of 
miR-708 was sufficient to trigger in vivo regression of established tumors in a mu-
rine xenograft model of human RCC [122]. We also showed that miR-205 is an 
important tumor suppressor miRNA that inhibits Src-mediated oncogenic pathways 
in RCC. Transient and stable overexpression of miR-205 in A498 cells resulted in 
induction of G(0)/G(1) cell cycle arrest and apoptosis, as indicated by decreased 
levels of cyclin D1 and c-Myc, suppressed cell proliferation, colony formation, mi-
gration, and invasion in RCC cells in vitro, and also inhibited tumor growth in 
vivo [123]. miR-508-3p and miR-509-3p have been reported to be tumor suppressor 
miRNAs whose overexpression in RCC cell line led to induction of apoptosis and 
inhibition of cell proliferation and migration [124]. Similarly, restoration of tumor-
suppressive miR-135a inhibited cancer cell proliferation and induced G(0)/G(1) ar-
rest in the RCC cell lines by targeting the c-Myc oncogene [125]. Another tumor 
suppressor miRNA, miR-199a expression is downregulated in RCC and lower ex-
pression correlates with higher tumor stage. miR-199a acts as a negative regulator 
of glycogen synthase kinase-3 β (GSK-3β), thereby regulating renal cancer cell 
proliferation and survival [126]. miR-101 is downregulated in RCC and acts as 
a negative regulator of EZH2, a histone methyltransferase, and renal cancer cell 
proliferation [127]. Let -7a acts as a tumor suppressor in RCC cell lines by down-
regulating c-myc and c-myc target genes such as proliferating cell nuclear antigen 
(PCNA), cyclin D1 (CCND1), and the miR17–92 cluster, which is accompanied by 
inhibition of proliferation and cell cycle arrest [128]. Functional screening identi-
fied that 14 miRNAs (miR-1285, miR-206, miR-1, miR-135a, miR-429, miR-200c, 
miR-1291, miR-133b, miR-508-3p, miR-360-3p, miR-509-5p, miR-218, miR-335, 
miR-1255b) markedly inhibit RCC cell proliferation, suggesting that these miRNAs 
are candidate RCC tumor suppressor miRNAs [129]. Tumor suppressor miR-1285 
inhibits cancer cell proliferation, invasion, and migration by directly targeting the 
oncogene transglutaminase 2 (TGM2) [129]. Similarly, miR-1 and miR-133a are 
significantly downregulated in RCC and ectopic restoration of their expression led 
to significant inhibition of cell proliferation, invasion, and induction of apoptosis 
and cell cycle arrest. The oncogene transgelin-2 (TAGLN2) was found to be directly 
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regulated by both miR-1 and miR-133a [130]. Insulin-like growth factor 1 (IGF1) 
and VEGF-A, positive regulators of cellular proliferation, are targeted by several 
miRNAs and miR-126, respectively. Dysregulation of miRNA networks in RCC 
thereby influences cellular proliferation [71, 131].

Oncogenic miRNAs Related to Apoptosis and Cell Proliferation

miR-21, a known oncogenic miRNA in various tumors, is upregulated in RCC [100, 
101, 132]. High expression of miR-21 in RCC is correlated with low disease-free 
and overall survival rates and with increased pathological stage and grade [101, 
132]. miR-21 expression showed the highest expression in ccRCC and PRCC and 
could distinguish these two histological subtypes from chRCC and oncocytomas 
[132]. Functional studies after inhibiting miR-21 in RCC cell lines showed cell 
cycle arrest, induction of apoptosis, and reduced invasion and migration with an 
increase in p21 and p38 MAP kinase expression and a reduction in cyclin E2 [101]. 
Another study showed that miR-21 plays a key role in regulating cell apoptosis by 
targeting multiple genes in RCC including tumor necrosis factor (TNF) receptor 
superfamily member 6 (FAS) ligand and TIMP3 [100]. miR-15a has been reported 
to be upregulated in malignant RCC and downregulated in oncocytoma. The ex-
pression of miR-15a has been shown to be a potential marker to differentiate be-
tween benign and malignant renal tumors in biopsy and urine samples. The levels 
of miR-15a are inversely correlated to protein kinase C (PKC) α, a component of 
the transcription complex that regulates NF-κB signal transduction in tumors [133]. 
Li et al. reported that miR-155 may function as an oncogene in RCC by targeting 
transcription regulator BACH1 [134]. The expression of miR-155 was upregulated 
in ccRCC tissue and renal cancer cell lines. The suppression of miR-155 inhibited 
cell proliferation and migration and induced apoptosis in renal cancer cells [134].

Tumor suppressor gene p53 has been shown to induce the expression of miRNAs 
including miR-34a and miR-34b/c, which are direct p53 target genes that are inac-
tivated in several tumors. Ectopic miR-34 expression induces apoptosis, cell cycle 
arrest, or senescence [135, 136]. The gene promoters of miR-34a and miR-34b/c 
are inactivated by CpG methylation in various tumor types including RCC [135, 
137, 138] though a few studies suggest that miR-34a is upregulated in RCC [53, 
139]. Wirsing et al. showed that miR-34a and miR-21 cooperate in downregulation 
of hepatocyte nuclear factor 4α (HNF4α) that has been linked to RCC [139]. An-
other study suggests that upregulation of miR-34 in RCC correlates with decreased 
expression of tumor suppressor secreted frizzled-related protein 1 (SFRP1) [53].

5.4.2 miRNAs Related to EMT, Invasion, and Metastasis

Epithelial–mesenchymal transition (EMT) is the initial and critical step in invasion 
and metastasis that is characterized by changes in gene expression, including de-
crease in epithelial genes, such as E-cadherin, and increase in mesenchymal genes. 
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This is driven by transcription factors (Snail, Twist, and ZEB families) and is as-
sociated with altered cell morphology (loss of apical–basal polarity) and a concomi-
tant initiation of a migratory state [140]. A role for miRNAs that affects the EMT 
program and progression and metastasis of human cancers has begun to emerge 
[141–143]. It has been reported that the miR-200 family and miR-205 regulate 
EMT by direct targeting of ZEB1 and ZEB2 [141, 144, 145]. We reported that miR-
708 targets transcription factor ZEB2 and polycomb repressor, BMI1 in RCC [122]. 
ZEB2, a member of the ZEB family of transcription factors, is a transcriptional re-
pressor that regulates the expression of E-cadherin and EMT [146, 147]. In keeping 
with this novel finding, E-cadherin levels in miR-708-overexpressing cells showed 
that miR-708 reexpression increases the levels of this epithelial marker and repress-
es fibronectin. BMI1, a member of the polycomb-repressive complex 1 [148, 149] 
is frequently overexpressed in cancers [150–152]. Its overexpression in carcinoma 
cell lines resulted in the acquisition of EMT characteristics, induction of stem-cell 
markers, and enhancement of tumor-initiating capability [153]. miRNA-34a was 
identified as being downregulated in hypoxic renal tubular epithelial cells. Inhibi-
tion of miR-34a expression in HK-2 cells, which highly express endogenous miR-
34a, promoted EMT in renal tubular epithelial cells by directly targeting Notch1 and 
Jagged1 and Notch downstream signaling. Conversely, miR-34a mimics effectively 
prevented hypoxia-induced EMT [154]. miR-215 overexpression induces cell mi-
gration and invasion in vivo through direct targeting of ZEB2, thereby regulating 
EMT and the metastatic potential of RCC cells [70, 131]. miR-138a exerts tumor-
suppressive effects in RCC by directly targeting vimentin, inhibiting cell migration 
and invasion [155].

A novel role of miR-34a in the regulation of transcription by c-Myc was recent-
ly identified whereby miR-34a downregulated expression of multiple oncogenes 
including c-Myc by targeting its 3′ untranslated region. In addition, miR-34a re-
pressed Ras homolog gene family, member A (RhoA) expression by suppressing 
the Myc-S-phase kinase-associated protein 2 (Skp2)–Myc-associated zinc-finger 
protein 1 (Miz1) transcriptional complex that normally activates RhoA. Overex-
pression of c-Myc reversed miR-34a suppression of RhoA expression and inhibition 
of cell invasion, suggesting that miR-34a inhibits invasion by suppressing RhoA 
through c-Myc. miR-34a was also found to repress the c-Myc–positive transcription 
elongation factor (P-TEFb) transcription elongation complex that extends transcrip-
tion through RNA polymerase II, indicating one of the mechanisms by which miR-
34a has profound effects on cellular functions [156]. miR-584 is a tumor suppressor 
miRNA in ccRCC that inhibits cell motility through downregulation of oncogene 
ROCK-1 [157]. Expression levels of miRNA-106b were found to be significantly 
lower in tumors of patients who developed metastasis and miR-106b is a poten-
tial predictive marker of early metastasis after nephrectomy in RCC patients [158]. 
Ectopic overexpression of miR-205 and miR-99a inhibits cellular migration and 
invasion in RCC cell lines [120, 123]. miR-1285 apart from its effects on cellular 
proliferation also inhibits migration and invasion by targeting oncogene TGM2, 
which is widely overexpressed in RCC tissues [71]. Oncogenic miR-21 promotes 
tumor invasion in RCC cell lines in vitro [101]. hsa-miR-9 has been shown to be in-
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volved in the development of ccRCC while also having a role in the development of 
metastatic recurrence. miR-9-1 and miR-9-3 were both significantly downregulated 
in RCC. The methylation levels of these miRNA genes were found to be higher in 
the primary tumors of patients who developed recurrence, compared to those with-
out recurrence [159].

6  Clinical Applications: miRNAs in Diagnosis, Prognosis, 
and Therapy of RCC

The spectrum of potential clinical applications of miRNAs in RCC is broad and 
continues to grow. miRNAs can be used for diagnosis, tumor classification, progno-
sis, prediction of treatment efficiency, and therapeutic applications [160].

Diagnostic application has three aspects and can be used to distinguish normal 
from malignant tissues; to identify the tissue of origin in poorly differentiated tu-
mors or tumors of unknown origin; and finally, to distinguish the different subtypes 
of the same tumor [160]. The superior ability of miRNAs in classifying tumors 
compared to mRNA profiling [39] and their marked stability in body fluids [56, 
57] indicate that miRNAs have great potential as novel biomarkers in RCC. In this 
direction, miRNA profiling has been done in RCC clinical specimens and serum/
blood/urine searching for miRNA signatures that distinguish tumor from normal 
tissues and for identifying different RCC subtypes (as summarized in Sect. 4.1). 
Detecting miRNAs is easy and relatively inexpensive using standard quantitative 
reverse transcriptase polymerase chain reaction (qRT-PCR) assays [131, 161]. The 
potential diagnostic application of miRNAs in RCC is elegantly demonstrated in a 
study by Wulfken et al. where miR-1233 serum levels distinguishes RCC patients 
from healthy controls [58].

The differential diagnosis of RCC subtypes is a frequent clinical challenge as the 
subtypes have different genetic backgrounds, prognoses, and responses to surgical 
and medical treatment. Novel, reliable techniques for the exact classification of 
renal tumors, especially in cases with morphological ambiguity, are important for 
diagnosis and therapy. Thus, miRNA expression profiling is an effective molecular 
bioassay for classification of renal tumors and offers a quantitative standardized 
complement to current methods of tumor classification. Reliable and specific char-
acterization of renal tumor subtypes, such as ccRCC, PRCC, chRCC, and oncocy-
toma, has already been demonstrated by miRNA-profiling methods [61, 63–66] 
(summarized in Sect. 4.2).

Another major clinical challenge in RCC is the lack of reliable prognostic bio-
markers that can identify those patients who are at high risk for progression, me-
tastasis, and relapse after nephrectomy. Studies in RCC have shown that aberrant 
miRNA expression profiles are related to overall survival, disease progression, 
recurrence, and metastasis [131] suggesting that miRNAs can be useful biomark-
ers with prognostic and predictive potential. For instance, miR-708 could be a po-
tential RCC prognostic marker as it targets survivin, an independent predictor of 
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progression and death in RCC [122, 131]. Significant downregulation of miR-106b 
has been shown to be a predictive marker of early metastasis after nephrectomy 
[158]. High levels of miR-21 is inversely correlated with the overall survival of 
RCC patients [101, 131]. Prognostic miRNA expression profiling can potentially be 
used for personalized therapy and targeted treatments. Therefore, large independent 
external validation studies on miRNAs have been recommended [131].

Recently, miRNAs have gained considerable attention as potential promising 
targets for cancer therapeutics. miRNA-based cancer therapy offers the theoretical 
appeal of targeting multiple gene networks controlled by a single, aberrantly ex-
pressed miRNA [160]. miRNAs targeting key signaling pathways in RCC pathogen-
esis (including pVHL-HIF, mTOR, and VEGF) have been identified and might be 
useful targets for RCC therapeutics. Reconstitution of tumor suppressor miRNAs, 
or sequence-specific knockdown of oncogenic miRNAs has produced favorable 
antitumor outcomes in experimental animal models. We showed that intratumoral 
administration of miR-708 and miR-205 precursors induced regression of tumors in 
a murine model of RCC [122, 123]. Genistein, a chemopreventative agent, reduced 
the expression of oncogenic miR-21 in vitro and in vivo [101]. However, several 
important issues need to be resolved prior to the use of miRNA-based cancer ther-
apy, such as the possibility for nonspecific immune activation and the lack of well-
defined delivery systems. Also, there is an urgent need for definitive mRNA target 
validation and a comprehensive understanding of rate-limiting cellular components 
that may impact the efficiency of this gene-silencing phenomenon [160, 162].

7 Concluding Remarks

In conclusion, experimental evidence suggests an important role for miRNAs in the 
etiology of RCC. It is evident that miRNAs can target various signaling cascades 
that are altered in RCC pathogenesis. However, our current understanding in this 
area is still limited. Although we are in an early phase of miRNA research, it is 
anticipated that miRNAs will have a significant impact in improving RCC patient 
management. miRNAs represent a novel group of potential biomarkers that may 
improve diagnostic, prognostic, and predictive abilities and are potential cancer 
therapeutic agents. Studies characterizing the role of miRNAs in RCC have the 
potential to greatly advance cancer biomarker development and offer potential for 
development of target-specific personalized molecular therapies. However, there 
are significant challenges that need to be addressed. In particular, the transition of 
miRNA applications from the research setting to the clinical stage poses several 
challenges. For example, conclusions obtained from in vitro studies performed in 
cell lines and a limited number of clinical samples may be very different from in 
vivo preclinical studies and those from a large number of human samples. Thus, fo-
cused, functional, and clinical studies are required in order to elucidate the complex 
relationship of miRNAs in the development and progression of RCC. These types 
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of studies will aid in the development of novel miRNA-based diagnostic, prognos-
tic, and therapeutic strategies for effective clinical management of this disease.
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Chapter 13
MicroRNAs in the Development  
and Progression of Skin Cancer

Vivek Choudhary, Meg Gullotto, Lisa Sato and Wendy B. Bollag

Abstract MicroRNAs are known to regulate the messenger RNA (mRNA) levels 
and protein expression of multiple genes and their products by binding to the 3′ 
untranslated region (3′-UTR) of target mRNAs and causing their degradation or 
inhibiting their translation. Numerous reports have demonstrated the importance of 
microRNAs in skin biology, with microRNAs regulating multiple processes in the 
skin in vivo and in skin cells in vitro. Keratinocytes are the predominant cells of 
the outer layer of skin, the epidermis, and microRNAs have been shown to regulate 
proliferation, differentiation, apoptosis, senescence, migration/invasion, and mor-
phogenesis of these cells. In addition, microRNAs modulate proteins involved in 
angiogenesis and genome stability, as well as immune function. Since dysregulation 
of all of these cellular processes can contribute to the development, progression, and 
metastasis of cancer, it is perhaps not surprising that recent studies are beginning to 
show alterations in microRNA profiles in different skin cancers. Thus, differences 
in various microRNAs have been detected in melanoma and in the nonmelanoma 
skin cancers, basal and squamous cell carcinoma. In this chapter, we discuss the 
literature indicating a role of microRNAs in regulating skin structure and function 
as well as in the development, progression, and metastasis of skin cancer, focusing 
primarily on the nonmelanoma skin cancers.
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List of Abbreviations

DMBA 7,12-dimethylbenz(a)anthracene
GRHL-3 Grainyhead-like 3
miRNA MicroRNA
miR MicroRNA
RISC RNA-induced silencing complex
TPA 12-O-tetradecanoylphorbol 13-acetate
VEGF Vascular endothelial cell growth factor

MicroRNAs (miRNAs or miRs) are emerging as important regulators of many 
physiological and pathophysiological processes including cancer. In fact, the ex-
pression of approximately 30 % of all genes is thought to be modulated by miRNAs 
[1–3]. These small RNAs are generated from long RNA polymerase II transcripts 
called primary microRNAs (pri-microRNAs) by the sequential action of two en-
zymes, Drosha, a nuclear RNase III that converts pri-microRNAs to shorter pre-mi-
croRNAs, and Dicer, a cytoplasmic RNase III that processes pre-microRNAs to mi-
croRNAs. Drosha forms a complex with the double-stranded RNA-binding protein 
DGCR8, the pri-microRNA, and other components in the nucleus to generate the 
pre-microRNAs. The pre-microRNA is then transported out of the nucleus where 
it interacts with cytoplasmic Dicer to be trimmed, and one strand of the resulting 
short duplex molecule (the mature miR) is loaded into the RNA-induced silencing 
complex, or RISC (the other strand is termed the miR*) [2]. The mature miRs are 
approximately 19–22 nucleotides in length and downregulate protein expression by 
binding to complementary mRNAs in the 3′ untranslated region (3′-UTR) and either 
eliciting their degradation or inhibiting their translation. Recent studies examining 
the role of miRNAs in skin have shown a key role of miRNAs in the development 
of this largest organ of the body. Initial research is beginning to discover an involve-
ment of miRNAs in the skin cancer melanoma, and evidence is emerging as well 
concerning the contribution of these small RNAs in the nonmelanoma skin cancers. 
In this chapter, we first provide an introduction to skin and skin cancers, briefly de-
scribe the data implicating miRNAs in melanoma, and finally discuss the research 
suggesting a role of miRNAs in regulating skin development as well as their poten-
tial participation in the development and progression of nonmelanoma skin cancers.

1 Overview of the Skin

1.1 Structure of the Skin

Skin is composed of two main layers, the outer epidermis and the inner dermis. 
Sometimes, the subcutaneous layer, also called the hypodermis or fat layer, is also 
regarded as a layer of the skin. Each layer has different functions and characteristics 
as indicated in Table 13.1.
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1.1.1 Epidermis: The Outer Layer of the Skin

The epidermis is a stratified squamous epithelium that continually renews itself 
through proliferation and progressive differentiation. The epidermis is relatively 
thin but tough. It is composed of many different types of cells, such as keratino-
cytes, melanocytes, Langerhans cells, and Merkel cells.

Keratinocytes

The majority of the cells present in the epidermis are the keratinocytes (90–95 %). 
The term “keratinocyte” is derived from the fact that these cells synthesize a family 
of structural proteins called keratins. Keratins assemble into bundles to produce in-
termediate filaments, which help to form a tough insoluble but unmineralized tissue 
contributing to the mechanical barrier function of the skin. Keratinocytes originate 
from epidermal stem cells that reside in the layer at the dermal/epidermal junction, 
the basal layer or stratum basale [4]. These keratinocytes undergo cell division (mi-
tosis) and migrate to the surface of the skin to replace the dead epidermal cells that 
have been shed or lost to the environment. After dividing, keratinocytes undergo a 
distinct pattern of differentiation to form different layers of the epidermis; this pro-
cess is essential for the function of the skin as a protective barrier. The epidermal 
layers from lower (deepest) to upper (most superficial) layers are as follows: the 
strata basale, spinosum, granulosum, and corneum. Figure 13.1 shows a photomi-
crograph of human skin and Fig. 13.2 illustrates these layers schematically.

Stratum Basale This layer consists primarily of mitotically active keratinocytes 
and other cell types (melanocytes and Langerhans and Merkel cells). The basal 
keratinocytes are attached to one another through desmosomes and are structurally 
and functionally associated with the basement membrane at the dermal–epidermal 
junction via hemidesmosomes [5]. These proliferating keratinocytes express kera-
tins 5 and 14, immature keratins regarded as markers of proliferation. After cell 
division, the daughter keratinocytes differentiate as they migrate up through the 
epidermis.

Table 13.1  Skin structure and function
Layer Cells present Structure Function(s)
Epidermis Keratinocytes, mela-

nocytes, Langerhans 
cells, Merkel cells

Stratified epithelium with 
different epidermal 
layers

Provides a mechanical 
and waterproof barrier 
and creates skin tone

Dermis Fibroblasts, monocytes, 
macrophages, dermal 
dendrocytes

Connective tissue with 
embedded hair follicles, 
sweat and sebaceous 
glands, hair, blood and 
lymph vessels, nerves

Helps to maintain skin 
structure through pro-
duction of extracellular 
matrix support fibers

Hypodermis Adipocytes, fibroblasts, 
macrophages

Adipose tissue with blood 
and lymph vessels, 
nerves, adipocytes

Insulates to prevent 
excessive heat loss
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Stratum Spinosum Keratinocytes proliferate in the basal layer and eventually 
migrate towards the outer layer of the skin into the stratum spinosum. This supra-
basal layer is also referred to as the prickle-cell layer, because of its appearance in 
histology. The spininess of the cells in this layer is due to abundant desmosomal 
connections between adjacent keratinocytes. This layer is marked by growth arrest 
and the onset of keratinization, a process in which cells begin synthesizing the 
mature keratins 1 and 10, markers of early keratinocyte differentiation.

Stratum Granulosum In this last living layer, the keratinocytes continue to tra-
verse towards the surface, flattening and becoming granular due to the basophilic 
keratohyalin granules that accumulate in the cytoplasm. These granules are com-
posed primarily of profilaggrin and promote hydration and cross-linking of keratin. 
The expression of intermediate (involucrin and transglutaminase) and late (filag-
grin and loricrin) differentiation markers is evident in this layer. At the transition 
between this layer and the stratum corneum, cells secrete lamellar bodies, which 
are lipid-filled granules containing glycoproteins, glycolipids, phospholipids, free 
sterols, and hydrolases, into the extracellular space. Cells then lose their nuclei and 
organelles to become corneocytes in the stratum corneum.

Stratum Corneum The outermost layer of the epidermis is composed of multi-
ple layers of nonviable, terminally differentiated corneocytes. These cells are sur-
rounded by stacked layers of lipid bilayers in the extracellular space (secreted as 
lamellar bodies and processed by the hydrolases also released) and together provide 
the natural physical and water-retaining barrier of the skin. Changes in the structure 
and function of corneocytes occur as they move towards the outer skin surface. 

Fig. 13.1  Skin structure: Shown is a schematic illustrating the structure of skin, including the 
hypodermis (subcutis), dermis, and epidermis as well as various skin appendages (hair follicles 
and shafts, sebaceous glands, and eccrine sweat glands), the vasculature, nerves, and muscles
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The cells in the outermost stratum corneum undergo proteolytic degradation of des-
mosomes that helps in shedding, or desquamation, of the outermost layer. In adult 
humans, the turnover from stem cells to desquamation takes approximately 30–45 
days ([6] and http://webtools.delmarlearning.com/sample_chapters/1401815553_
CHAP1.pdf).

The balance between keratinocyte proliferation and differentiation is very im-
portant for normal functioning of the skin. Alterations in these processes may lead 
to various skin diseases such as cancer. Nonmelanoma skin cancers, including basal 
cell carcinoma and squamous cell carcinoma, arise as cancers of the keratinocytes 
(see below).

Melanocytes

Melanocytes are the pigment (melanin)-producing cells and developmentally arise 
from the neural crest. These cells migrate and establish themselves in the stratum 
basale of the epidermis. They possess dendritic processes that stretch and commu-
nicate with a large number of neighboring keratinocytes, allowing the transfer of the 
pigment synthesized within the melanocytes to the keratinocytes, where it remains 
as granules (melanosomes). Melanosome transfer is stimulated by ultraviolet light 

Fig. 13.2  Schematic of the epidermal layers. The epidermal layers, the stata basale (basal layer), 
spinosum (spinous layer), granulosum (granular layer), and corneum (cornified layer), are shown 
schematically. Note that some keratinocytes in the basal layer are undergoing mitosis in order to 
replace cells that are lost to the environment at the skin surface
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and by hormones. Melanosomes within keratinocytes are degraded by lysosomal 
enzymes as the cells differentiate and move suprabasally. The pigment melanin pro-
vides protection against ultraviolet radiation, and chronic sun exposure increases 
the ratio of melanocytes to keratinocytes. Cancer arising from the melanocytes is 
called melanoma.

Langerhans Cells

Langerhans cells are dendritic cells (antigen-presenting immune cells) that are pres-
ent in almost all the layers of the epidermis. They account for 2–8 % of the total epi-
dermal cell population and attach to the keratinocytes through E-cadherin receptors. 
The Langerhans cells play a significant role in immune reactions of the skin, and the 
antigen-presenting capabilities of these cells diminish upon ultraviolet exposure.

Merkel Cells

Merkel cells are also found in the basal layer with large numbers in touch-sensitive 
sites such as the fingertips and lips. They are closely associated with cutaneous 
nerves and seem to be involved in light touch sensation. Merkel cells are joined to 
keratinocytes by desmosomal junctions.

1.1.2 Dermis: The Inner Layer of the Skin

The thick layer of connective tissue underneath the epidermis is the dermis. It has 
four major cell types: fibroblasts, monocytes, macrophages, and dermal dendro-
cytes [7]. Apart from these cells, the dermis is mostly composed of collagen, elastin, 
and fibrillin that provide the skin its pliability, elasticity, and tensile strength. The 
dermis is tightly connected to the epidermis through a basement membrane and 
interacts with the epidermis in maintaining the properties of both skin layers.

The dermis is composed of two layers: the stratum papillare and stratum reticu-
lare. The stratum papillare connects with the epidermis and projects its fingerlike 
papillae into the epidermis, giving the dermal–epidermal junction an undulating 
appearance. The stratum reticulare is a thick layer composed of dense connective 
tissue with a high concentration of collagenous, elastic, and reticular fibers.

The dermis maintains the flexibility and structure of the skin and assists the epi-
dermis in protecting the body from mechanical injury and in thermoregulation. It 
also contains nerve endings (mechanoreceptors) that provide sensation to touch and 
heat, as well as sweat glands, sebaceous glands, apocrine glands, hair follicles, and 
lymphatic and blood vessels.
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1.1.4 Hypodermis

The hypodermis is the deepest layer of the skin beneath the dermal layer. Adipo-
cytes are the primary cells in the hypodermis, but fibroblast and macrophages are 
also present. The boundary between the deep reticular dermis and the hypodermis 
is an abrupt transition from a predominantly fibrous dermal connective tissue to an 
adipose tissue-rich subcutaneous region. This layer is mainly responsible for lipid 
storage and serves as an energy supply reserve, cushions and protects the skin, and 
allows for its mobility over underlying structures.

1.2 Appendages Present in the Skin

Apart from various layers, skin also contains several appendages, including sweat 
glands (eccrine and apocrine glands), sebaceous glands, nails, hair, and hair fol-
licles. Here, we discuss in brief the structure and function of hair and hair follicles, 
as the role of miRNAs in hair follicle biology has been extensively elucidated by 
studies investigating the role of miRNAs in skin.

1.2.1 Hair and Hair Follicles

Hairs are filamentous structures that grow from a follicle in the dermal layer of 
the skin. Hair plays a role in the regulation of body temperature and in protection, 
insulation, specialized sensation, and coloration of the skin. The hair can be divided 
into two parts: the hair shaft and the hair follicle. The hair shaft (or the hair proper) 
grows within an epithelial channel formed by follicular keratinocytes, called the 
hair follicle, which is embedded in the dermis.

1.2.2 Structure of the Hair Follicle

The hair follicle has two main parts:

1. The permanent hair follicle: This is the upper two-thirds of the hair follicle, 
which remains at the end of the catagen phase of the hair cycle

2. The transient lower third of the follicle: This part of the follicle is destroyed upon 
cessation of hair growth upon entry of the follicle into catagen (see below)

The follicle wall itself has two layers: the outer root sheath that extends the entire 
length of the follicle and the inner root sheath that envelops the hair shaft to the 
point of its emergence on the skin surface. The outer root sheath of a hair follicle is 
continuous with the epidermis. The sebaceous glands, which produce and secrete 
hair-lubricating natural oils (sebum), are inserted into the root sheath near the base 
of the epidermis. The bulge, which is a thickened portion of the hair follicle contain-
ing follicular stem cells, is located at an oblique angle to the epidermis such that the 
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hair forms to lie at an angle to the surface. These stem cells, which are capable of 
both initiating hair follicle growth during anagen and regrowing damaged epider-
mis, give rise to hair progenitor cells that proliferate and differentiate into different 
layers of the hair follicle and also form the hair shaft [8]. The bulb is the lowermost 
part of the hair, is shaped like an inverted cup, and consists of an aggregate of epi-
thelial cells. The bulb, as well as the outer root sheath, is surrounded by a basement 
membrane upon which the basal cells rest. The bulb also partially surrounds the 
cluster of specialized fibroblasts of the dermal papilla. The dermal papilla and the 
dermal sheath are derived from progenitor cells of the dermis. At the end of the hair 
growth cycle, the lower follicle and bulb regress during catagen, but the cells of the 
dermal papilla do not disappear, suggesting that they may have a primary role in 
hair formation through an inductive process.

1.2.3 The Hair Growth Cycle

Unlike other parts of the skin, the hair follicle undergoes repeated cycles of growth 
and regression. The three phases of the hair cycle are:

1. Anagen—This is the growth phase, which can vary from 2 to 6 years, and deter-
mines the length of the hair. At any time point, approximately 85 % of all hairs 
are in anagen (the growth phase).

2. Catagen—This is a brief period (1–2 weeks) of a transitional phase during which 
the bulb and the transient part of the hair follicle involutes, and the dermal papilla 
breaks away to remain below in the dermis.

3. Telogen—The resting phase follows catagen. During this phase, which normally 
lasts about 1–3 months, hair is not produced. Thus, the hair does not elongate but 
does remain attached to the follicle, while the dermal papilla remains in a resting 
phase in the dermis. Approximately 10–15 % of all hairs are in this phase at any 
one time.

The hair follicle reenters the anagen phase at the end of telogen. At this time, the 
dermal papilla and the base of the follicle join together once more and begin the 
formation of a new hair as the growth cycle starts all over again.

There are various types of tumors originating from the hair follicles, including 
tricholemmona, trichomatricoma, hamartoma, trichoepitheliomas, trichoblastoma, 
etc. A variety of morphological evidence has suggested that many basal cell carci-
nomas originate directly from the follicular outer root sheath and, possibly, directly 
from the bulge [9, 10].

2 Types of Skin Cancer

Skin cancers are mainly divided into melanoma and nonmelanoma skin cancer. 
Nonmelanoma skin cancer arise from the predominant cells of the epidermis, the 
keratinocytes, whereas melanomas arise from melanocytes that provide pigment to 
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skin and hair. Nonmelanoma skin cancer is the most common cancer in the world, 
with approximately 3.5 million new diagnoses each year in the USA. Indeed, skin 
cancers account for nearly half of all cancers in the USA (American Cancer Soci-
ety website at http://www.cancer.org/cancer/cancercauses/sunanduvexposure/skin-
cancer-facts). Of concern, the incidence of both melanoma and nonmelanoma skin 
cancers has been rising every year (http://www.skincancer.org/skin-cancer-infor-
mation/skin-cancer-fact).

2.1 Melanomas

Melanomas are less common compared to other types of skin cancer but they are 
more dangerous, particularly if not detected early, and are responsible for the major-
ity of deaths from skin cancer. Melanomas represent about 2 % of all skin cancers 
(about 76,250 new cases were expected to be diagnosed in 2012) and contribute to 
more than 80 % of the deaths from skin cancer (based on statistics reported by the 
American Cancer Society). The main risk factor for developing melanoma is sun 
exposure. Although old age is also a risk factor for melanoma, it occurs in young 
people as well, unlike most other common skin cancers.

2.2 Nonmelanoma Skin Cancers

2.2.1 Basal Cell Carcinoma

These cancers share features with the cells (keratinocytes) in the basal layer of the 
epidermis. About eight out of ten skin cancers are basal cell carcinomas (see Ameri-
can Cancer Society’s web page). Cumulative sun exposure is the most common 
risk factor, and basal cell carcinoma usually develops in areas that are repeatedly 
exposed to sun and in older individuals. This carcinoma is rarely fatal, but if left 
untreated, it can grow into nearby areas and invade the bone or other tissues beneath 
the skin. Treatment generally involves surgical resection of the lesion, but removal 
often results in significant morbidity due to the location and growth into underlying 
tissues.

2.2.2 Squamous Cell Carcinoma

Squamous cell carcinomas are the most common skin cancer after basal cell car-
cinoma. As with basal cell carcinoma, this carcinoma is also commonly found on 
areas exposed to the sun. Squamous cell carcinomas tend to be more aggressive 
than basal cell cancers and carry a significant risk of metastasis, often spreading to 
lymph nodes and/or distant parts of the body [11].
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2.2.3 Less Common Types of Skin Cancer

Other nonmelanoma skin cancers together account for less than 1 % of these cancers 
(http://www.cancer.org/Cancer/SkinCancer-BasalandSquamousCell/DetailedGuide/
skin-cancer-basal-and-squamous-cell-what-is-basal-and-squamous-cell) and in-
clude the following:

a. Merkel cell carcinoma (develops from Merkel cells)
b. Kaposi sarcoma (develops from lymphatic endothelial or vascular endothelial 

cells in the dermis)
c. Cutaneous (skin) lymphoma (develops from skin lymphocytes)
d. Skin adnexal tumors (develop from hair follicles or sweat glands)
e. Various types of sarcomas (develop from connective tissue cells)

3 Cancer as a Disease of Multiple Cellular Processes

Although cancer is typically thought of as a disease of hyperproliferation, multiple 
cell processes can be dysregulated and contribute to tumorigenesis. In addition to 
excessive proliferation, aberrant or absent apoptosis, abnormal morphogenesis, ab-
errant angiogenesis, absent senescence, abnormal migration and/or metastatic ca-
pacity, aberrant or absent differentiation, and genetic instability can all contribute to 
the development of cancer (reviewed in [12]). Furthermore, tumors can form when 
transformed cells escape immune surveillance. Accumulating evidence in the skin 
points to a role of miRNAs in regulating most of these processes in this organ, as 
described below. Thus, it seems likely that defects in miRNAs can and do contribute 
to the various types of skin cancer. Reports in which miRNA expression patterns are 
examined in normal skin and skin cancers are beginning to enter the literature and 
indicate that this, indeed, is the case.

4 MicroRNAs in the Skin

A large number of microRNAs have been identified in various tissues and organs 
and are described using a numbering system. Of the characterized miRNAs (or 
miRs), many are shown to be expressed in the skin or in cells derived from the skin. 
These miRNAs have been profiled in multiple skin cell types and tissues, including 
melanoma cells, normal human skin, psoriatic lesions, and artificial human epider-
mis, as well as mouse skin. Melanoma in particular has been rather intensively stud-
ied, and data indicate a likely role of miRNAs in various aspects of melanoma (see 
below). In addition, transgenic mouse models lacking Dicer and Drosha, the two 
RNases required for the production of miRNAs, specifically in the epidermis, either 
in utero or as adult animals, have been generated and characterized. While this ap-
proach does not allow the identification of the miRNA(s) involved in a particular 
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cell response or phenotype observed, it is ideal for demonstrating the potential role 
of miRNAs in general in the epidermis. As described below, these studies have 
demonstrated a key involvement of miRNAs in multiple processes in the skin. Oth-
er studies in which the miRNA expression pattern of nonmelanoma skin cancers is 
profiled and the levels of the identified miRNAs are manipulated in skin cells have 
also provided evidence of a role of miRNAs in the development and progression of 
nonmelanoma skin cancers.

4.1 Role of MicroRNAs in Melanoma

There are numerous data in the literature to support the role of miRNAs in the de-
velopment of melanoma as well as the regulation of its progression and metastasis, 
and, indeed, a melanoma miRNA “signature” has been proposed. MiRNAs impli-
cated in melanoma development, progression, and/or metastasis include those that 
are upregulated, such as miR-146a, -155 [13], -214 [14], -221, -222 [15], and oth-
ers, as well as some that are downregulated, such as miR-200c [13], let-7a, and let-
7b [15]. Segura et al. [16] also identified a set of six miRNAs (miR-150, -342-3p, 
-455–3p, -145, -155, and -497) that predicted post-recurrence survival in melanoma 
with an approximate estimated accuracy of 80 %. Several excellent reviews have 
been written concerning the role of miRNAs in melanoma (e.g., [2, 14, 15, 17–19]), 
and we will instead focus on the role of miRNAs in epidermal keratinocytes, skin 
structure, and the nonmelanoma skin cancers.

4.2 Role of MicroRNAs in Skin Structure and Function

Several years ago, Fuchs and colleagues and the Millar laboratory both demon-
strated the importance of Dicer, the enzyme that processes pre-miRNAs to mature 
miRNAs, to epidermal structure and function. In 2006, Yi et al. [20] generated an 
epidermal-specific deletion of the Dicer gene using a keratin 14 promoter-driven 
Cre recombinase to delete Dicer early in epidermal development (in skin epithelial 
progenitor cells) and observed a profound phenotype. The knockout mice exhibited 
abnormal hair follicle development, resulting in evagination rather than invagina-
tion of the hair follicles and the formation of cyst-like structures that disturbed 
the architecture of the epidermis. The distortion from the malformed hair follicles 
also appeared to result in barrier disruption, and the pups wound up losing weight 
and dying approximately 4 days after birth from apparent dehydration [20]. These 
authors observed no obvious differences in the interfollicular epidermal structure 
otherwise, suggesting that the primary defect was in the regulation of hair follicle 
growth.

At about the same time, a similar epidermal-specific Dicer knockout mouse 
model (using a keratin 14 promoter-driven Cre recombinase as well) was gener-
ated by Sarah Millar’s group [21]. These authors also found disordered hair follicle 
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morphogenesis and poor survival of the animals, with stunting of the pups’ growth 
and alopecia (lack of hair growth). However, in these studies the authors noted an 
effect on the interfollicular epidermis, which showed some expansion in the knock-
out mice [21]. Millar and colleagues also created an inducible epidermal-specific 
knockout mouse model to determine the effect of deletion of Dicer to decrease miR 
levels in adult animals [22]. In this mouse model, they found that deletion of Dicer 
in the anagen phase of the hair cycle resulted in hair shaft defects and hair loss that 
was progressive (in an anterior to posterior direction) and permanent. Dicer was not 
required for the maintenance of hair follicles in telogen, but the loss of Dicer dur-
ing anagen resulted in a failure of catagen and subsequent follicular degradation. In 
addition, the interfollicular epidermis showed delayed thickening and hyperprolif-
eration [22].

The Fuchs laboratory also examined the effect of epidermal-specific ablation of 
the DGCR8 gene, the product of which is a key component of the microprocessor 
complex required for the ultimate generation of mature miRNAs [23]. Although 
Dicer is known as the RNase III enzyme that processes pre-miRNA into mature 
miRNAs in the cytoplasm, and its knockout therefore should reduce miRNA levels 
globally, Dicer has also been reported to play a role in heterochromatin silencing 
and the generation of small RNAs other than miRNAs. In contrast, DGCR8 recog-
nizes the pri-miRNA hairpin loop and is thought to be specific for miRNA produc-
tion. A mouse model in which DGCR8 is ablated specifically in the epidermis (us-
ing a keratin 14 promoter-driven Cre recombinase) exhibits a phenotype similar to 
that observed in the Dicer knockout mice, suggesting that the effects of ablation of 
both genes is the result of inhibited miRNA production rather than to some miRNA-
independent function of Dicer [23].

Similarly, Millar and colleagues have generated an epidermal-specific Drosha 
knockout mouse in adult animals [22]. Drosha, like Dicer, is an RNase III enzyme 
that is necessary for the generation of miRNAs, converting pri-miRNAs to shorter 
pre-miRNAs. Also similarly to Dicer, the ablation of the Drosha gene results in a 
phenotype in the knockout mice characterized by a failure of hair follicles to enter 
catagen and eventual progressive and permanent hair loss. In fact, the adult Drosha 
knockout was indistinguishable from the adult Dicer knockout [22], suggesting that 
the phenotype observed for both models is the result of inhibition of miRNA gen-
eration rather than any other function of the enzymes.

Although these studies demonstrate a critical role of miRNAs in regulating 
skin structure and function, they do not identify particular miRNAs that may be 
of importance in these processes. Researchers have approached the question of the 
identity of miRNAs regulating a given cell response largely by performing miRNA 
microarray analyses on epidermal cells undergoing alterations such as differentia-
tion or senescence or on normal versus tumor tissue or stem versus non-stem cells. 
Once such a miRNA is identified, its involvement in a particular cell response can 
be determined by overexpression of anti-miRs, called antagomirs, or miR mimetics 
and monitoring the effects of these manipulations on the response. Verification of a 
role of a specific miR on a cell response then raises the question as to mechanism 
of the miR’s effect, i.e., the targets downregulated by the miR. Identification of the 
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targets of the miR usually relies at least partially on the use of miR prediction algo-
rithms for matching the miR seed sequence (the nucleotide sequence that binds to 
a complementary sequence in the 3′-UTR of the target gene) to potential regulated 
genes. Validation of these potential targets requires that overexpression of miR mi-
metics should decrease and of miR antagomirs should increase the mRNA and/or 
protein expression of the suspected target gene. An additional approach to confirm 
that the gene is directly modulated by the miR involves creating a reporter construct 
in which the 3′-UTR of the gene of interest is fused to the gene for luciferase. If 
the gene is a direct target, transfection of this reporter construct together with the 
miR mimetic should result in decreased luciferase activity. Using these multiple 
approaches, it is possible to demonstrate that a specific miRNA mediates a certain 
cell response, at least in part, by modulating the levels of a particular target gene 
product.

Recent studies using these methods have begun to demonstrate roles for certain 
miRs in the skin, as well as possible mechanisms by which these miRs may affect 
skin structure and function (i.e., the proteins targeted). One such miR is miR-34, in 
particular miR-34a and c, which appear to suppress p63-mediated cell cycle pro-
gression in epidermal keratinocytes. p63 is a transcription factor of the p53 family, 
which is expressed in the stratum basale and plays a role in maintaining the prolif-
erative and regenerative ability of the epidermis (reviewed in [24, 25]). Antonini 
et al. [26] demonstrated that p63 mediates cell cycle progression at least in part by 
repressing miR-34a and c. Knockdown of p63 results in upregulation of miR-34 
and decreased levels of proliferative markers such as cyclin D1. Indeed, miR-34 
appears to be a direct transcriptional target of p63. Preventing the increase in miR-
34 induced by p63 knockdown using antagomirs also inhibited the reduction in 
proliferation markers observed in response to p63 loss [26].

In addition to regulating miRNA expression, p63 can also be regulated miRNA 
expression. Thus, Rivetti di Val Cervo et al. [27] found that human keratinocyte cell 
senescence was associated with the upregulation of several miRNAs, including miR-
138, -181a, -181b, and -130b. Indeed, overexpression of miR-138 or miR-181a or b, 
but not miR-130b, induced cell senescence, in part by decreasing sirtuin-1, a histone 
deacetylase associated with longevity [27]. On the other hand, miR-130b reduced 
the levels of ΔNp63, and, conversely, ΔNp63 inhibited the expression of miR-130b, 
as well as miR-138, -181a, and -181b, by binding to p63 response elements in close 
proximity to their genomic loci. Interestingly, these authors also found that miR-
138 mRNA levels were significantly elevated, and miR-130b, -181a, and -181b 
tended to be increased, in skin biopsies obtained from aged (older than 60) ver-
sus young individuals (less than 10 years of age) [27]. Thus, there seems to be a 
feedback loop established between p63 and particular miRNAs, which allows p63 
to regulate keratinocyte regenerative capacity and senescence through modulating 
miRNA expression, and this loop may impact the skin-aging process.

MiR-203 is another miRNA that apparently regulates the stem cell character of 
epidermal progenitor cells, as shown by Fuchs and colleagues [28]. These authors 
generated a transgenic mouse model in which miR-203 was overexpressed in the 
epidermis under the control of the keratin 14 promoter. The miR-203 transgenic 
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mice exhibited a thinner epidermis as a result of decreased proliferation compared 
to wild-type animals. In addition, p63 levels were reduced and there seemed to be 
basal cell depletion. Conversely, antagomirs to miR-203 expressed in the epidermis 
increased epidermal proliferation in vivo [28] and partially blocked the inhibition 
of proliferation [28] or stimulation of differentiation [29] induced by an elevated 
calcium level in vitro. One mechanism by which miR-203 may exert this capacity 
to downregulate the proliferative capacity of epidermal cells is through an ability 
to decrease p63 levels directly [28], as shown by Lena et al. [30]. These authors 
demonstrated similar findings as those of Yi et al. [28], in that miR-203 expression 
was regulated by differentiation. Importantly, these authors showed that miR-203 
directly regulated p63 expression and appeared to act as a switch between pro-
liferative basal progenitors and terminally differentiating suprabasal cells. Indeed, 
miR-203 and p63 mRNA levels were inversely correlated during differentiation of 
murine embryonic stem cells into epidermal progenitor (keratin 14-positive) cells 
[30]. However, these authors observed that miR-203 alone was not sufficient to 
induce keratinocyte differentiation.

These results in the mouse were confirmed in human keratinocytes in vitro or 
freshly isolated from patient skin [31]. Thus, miR-203 was found to be upregulated 
upon induction of human keratinocyte differentiation in vitro by exposure to an 
elevated medium calcium level for a shorter (3 days) or longer (7 days) time pe-
riod. Likewise, keratinocytes were freshly isolated from human skin and separated 
by their speed of adherence to collagen into rapidly adherent (stem cells), slowly 
adherent (transient amplifying), and non-adherent (suprabasal differentiated) cells. 
In the differentiated cells, miR-203 was observed to be more highly expressed than 
in either the stem or transit amplifying cells, and in epidermis in situ, miR-203 (as 
well as miR-23b) was expressed almost exclusively in the suprabasal layers [31]. 
Thus, these results are consistent with a role for miR-203 in triggering or mediat-
ing differentiation. Also in this report, a total of eight miRs (miR-203, -95, -210, 
-224, -26a, -200a, -27b, and -328) were upregulated under all differentiation condi-
tions and one (miR-376a) was downregulated under these conditions. The proposed 
mechanism by which the identified miRNAs might function to regulate differen-
tiation involved the endothelin A receptor, eyes absent homolog 4 (EYA4), and 
ganglioside-induced differentiation-associated protein-1 (GDAP1), since several of 
the upregulated miRs suppressed the 3′-UTR-induced luciferase reporter activity of 
these genes [31].

In regard to miR-203, Sonkoly et al. [29] found that the differentiation-dependent 
upregulation of this miRNA can be mediated by the activation of protein kinase C. 
In addition to an ability of elevated calcium levels to raise miR-203 levels, these 
authors showed that treatment of human keratinocytes with 1,25-dihydroxyvitamin 
D3 or 12-O-tetradecanoylphorbol 13-acetate (TPA), both of which are known induc-
ers of differentiation (reviewed in [32]), resulted in significant increases in miR-203 
expression. Similarly, cell confluence, which also promotes differentiation [33], en-
hanced miR-203 levels, whereas exposure to keratinocyte growth factor (KGF) or 
epidermal growth factor, which promotes proliferation and/or inhibits differentiation 
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(reviewed in [34–36]), decreased miR-203 expression. Finally, the effects of TPA on 
miR-203 levels could be blocked by inhibitors of protein kinase C [29].

Another miRNA found to play a role in regulating keratinocyte differentiation is 
miR-24. This miRNA is upregulated in vitro upon calcium-induced differentiation, 
and in epidermis, in situ miR-24 is expressed in the suprabasal layers [37]. Overex-
pression of miR-24 in keratinocytes in vitro was sufficient to promote keratinocyte 
differentiation and inhibit proliferation. Furthermore, expression of miR-24 under 
control of the keratin 5 promoter in transgenic mice in vivo resulted in accelerated 
keratinocyte differentiation (i.e., elevated levels of the spinous layer marker keratin 
10 in basal keratinocytes), decreased proliferation, and a thinner epidermis [37]. On 
the other hand, injection of an anti-miR-24 antagomir into newborn mice increased 
keratinocyte proliferation. Targets of miR-24 were identified and many of them 
appeared to affect the actin cytoskeleton. Three in particular, p21-activated kinase 
4 (PAK4), tyrosine kinase substrate 5 (TKS5), and Rho GTPase-activating protein 
19 (ArhGAP19), were shown to be downregulated by miR-24, to affect actin cy-
toskeleton rearrangement, and to promote keratinocyte differentiation. Small inter-
fering RNA-mediated knockdown of PAK4, TKS5, or ArhGAP19 reproduced the 
effects of miR-24 overexpression, whereas expression of miR-24-resistant PAK4, 
TKS5, or ArhGAP19 blocked the effects of miR-24 overexpression [37]. MiR-24 
also targets c-Myc and E2F2, an action that appears to mediate the consequences of 
miR-24 expression on keratinocyte proliferation but not on differentiation or actin 
dynamics [37]. Thus, miR-24 seems to mediate keratinocyte differentiation through 
its effects on the actin cytoskeleton.

Other targets of miRNA regulation in keratinocytes include specialized adenine 
and thymine-rich binding protein 1 (SATB1), a protein that helps to integrate a 
higher-order chromatin structure and remodeling with gene transcription, and cy-
clin-dependent kinase-6 (CDK6), which phosphorylates and regulates the retino-
blastoma (Rb) protein, thereby controlling cell cycle progression (reviewed in [38]). 
The level of these two proteins is reduced by miR-191, the expression of which is 
upregulated in senescent keratinocytes [39]. Indeed, overexpression of miR-191 
itself inhibits keratinocyte proliferation and induces keratinocyte senescence, and 
likewise, silencing of SATB1 or CDK6 with siRNA reproduces the effect of miR-
191 overexpression to inhibit proliferation and promote senescence [39]. Thus, in 
summary, miR-191 can regulate both proliferation and senescence in keratinocytes 
by modulating SATB1 and CDK6 levels.

4.3  Role of MicroRNAs in Epidermal Tumorigenesis  
and Nonmelanoma Skin Cancer

Another miRNA of importance in skin is miR-21, which has been reported to play a 
role in keratinocyte proliferation and migration in response to bone morphogenetic 
protein-4 (BMP4), as well as in epidermal tumorigenesis. Thus, Ahmed et al. [40] 
showed that miR-21 expression is inhibited by BMP4 concomitant with the ability 
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of this growth factor to increase the expression of phosphatase and tensin homolog 
(PTEN, an inhibitor of the Akt pathway), programmed cell death 4 (PDCD4, an 
inhibitor of the activation of c-Jun N-terminal kinase or JNK), tissue inhibitor of 
metalloproteinases 3 (TIMP3) and tropomyosin 1 (TPM1), and to inhibit prolif-
eration and migration. Importantly, a miR-21 mimic prevented the BMP4-induced 
increase in the expression of the above four genes as well as the inhibition of ke-
ratinocyte proliferation. In addition, the miR-21 mimic also significantly enhanced 
cell migration and blocked the capacity of BMP4 to delay scratch wound healing, 
indicating that miR-21 mediates BMP4’s effects on proliferation and migration in 
keratinocytes.

Consistent with these in vitro results, Ma et al. [41] have demonstrated that ab-
lation of the miR-21 gene in a mouse model resulted in reduced proliferation and 
increased apoptosis in the epidermis. The miR-21 knockout mice also exhibited 
reduced susceptibility to a two-stage epidermal tumorigenesis protocol. In this pro-
cedure, mouse skin is treated with carcinogenic 7,12-dimethylbenz(a)anthracene 
(DMBA) to initiate (i.e., induce DNA mutations in) epidermal keratinocytes, fol-
lowed by repeated application of a tumor promoter, such as the phorbol ester TPA, 
to elicit tumorigenesis. In this model, the application of DMBA alone results in the 
formation of few or no tumors, whereas repeated treatment with phorbol ester alone 
induces the formation of papillomas that rapidly regress upon termination of TPA 
exposure. Using this protocol, Ma et al. [41] observed fewer tumors per mouse and 
delayed tumor formation in the miR-21 knockout relative to wild-type mice. At 
the molecular level, these knockout keratinocytes also showed increased levels of 
PTEN, PDCD4, and Sprouty-1 and -2 (inhibitors of Raf-1 upstream of activation of 
extracellular signal-regulated kinase-1/2 or ERK-1/2), as well as decreased ERK-
1/2, Akt, and JNK phosphorylation/activation [41]. It should be noted that BMP4, 
which as described above decreases miR-21 expression [40], also inhibits tumor 
formation in the DMBA/TPA two-stage carcinogenesis model [40], providing an 
additional link between miR-21 and epidermal tumorigenesis.

Increased miR-21 expression has also been found to be associated with squa-
mous cell carcinoma in mice and humans [42–44]. One likely additional target of 
miR-21 is grainyhead-like 3 (GRHL3), a transcription factor and tumor suppressor. 
Darido et al. [45] have shown that epidermal-specific GRHL3 knockout mice ex-
hibit thickened, hyperproliferative epidermis, as well as accelerated tumor forma-
tion and increased tumor and carcinoma numbers than the wild-type controls. Inter-
estingly, these GRHL3 knockout mice even demonstrate tumor formation with TPA 
application alone. These mice show increased Akt activation and reduced PTEN 
levels, and heterozygous loss of PTEN accelerated carcinoma formation further in 
the GRHL3 knockout, PTEN heterozygous mice. A microarray analysis of miR-
NAs in two human squamous cell carcinoma cell tumors versus the adjacent nor-
mal epidermis showed a profound upregulation of miR-21 expression, which was 
confirmed by real-time reverse transcription polymerase chain reaction (RT-PCR) 
[45]. Overexpression of miR-21 decreased GRHL3 expression and levels, with an 
accompanying decrease in PTEN expression and levels. In contrast, an antagomir 
to miR-21 increased GRHL3 mRNA and protein expression as well as PTEN levels 
and reduced proliferation in a squamous cell carcinoma cell line [45].
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Additional studies from the Andersen laboratory suggest that miR-21 is normally 
directly transcriptionally repressed by GRHL3 [46]. However, using miR-21 knock-
down in normal keratinocytes, these authors found no effect of miR-21 knockdown 
on proliferation or differentiation in normal cells. On the other hand, manipulation 
of miR-21 levels altered the levels of MutS protein homolog 2 (MSH-2), a DNA 
mismatch repair enzyme, with overexpression decreasing and knockdown increas-
ing MSH-2 protein expression. Importantly, this effect was more pronounced in 
transformed or tumor keratinocytes compared to normal cells. GRHL3 expression 
and levels were found to be decreased in human squamous cell carcinoma (10 sam-
ples in Darido et al. [46] and 60 samples in Bhandari et al. [46]), as well as squa-
mous cell carcinomas generated in the DMBA/TPA protocol in mouse skin [46].

Other miRNAs found to be altered in human squamous cell carcinoma include 
miR-203 and miR-184, which are downregulated and upregulated, respectively 
[42]. On the other hand, miR-205 expression was unchanged in squamous cell car-
cinoma compared to normal skin [42]. MiR-205 is of interest because of the report 
from Lavker and colleagues [47] that this miRNA can promote keratinocyte mi-
gration by downregulating the lipid phosphatase SHIP2, which restricts motility, 
increasing cell adhesion to collagen and regulating the actin cytoskeleton. Another 
microarray study (verified by quantitative RT-PCR) revealed significantly increased 
mRNA levels of miR-135b, miR-424, and miR-766 and decreased miR-30a and a*, 
miR-378, miR-145, miR-140-3p, and miR-26a in cutaneous squamous cell carci-
noma. In yet another report [48], miR-361-5p was demonstrated to be decreased in 
human squamous cell carcinoma versus normal epidermis. This decrease in miR-
361-5p was inversely correlated with the levels of vascular endothelial cell growth 
factor (VEGF), and indeed, the VEGF downstream 3′-UTR possesses a miRNA 
recognition element that could be repressed by miR-361-5p [48]. This effect on 
VEGF, a growth factor known to promote angiogenesis, could potentially represent 
one mechanism by which downregulated miR-361-5p could underlie the develop-
ment of squamous cell carcinoma.

Cutaneous squamous cell carcinoma and squamous cell carcinoma cell lines also 
exhibited downregulated miR-124 and -214 expression. These miRNAs normally 
decrease the levels of ERK-1 and ERK-2, which mediate abnormal cell prolifera-
tion in the squamous cell carcinoma cell lines. Re-expression of miR-124 and -214 
in these cell lines inhibited proliferation by normalizing ERK-1/2 levels. In ad-
dition, miR-125b may play a role in the generation of squamous cell carcinoma. 
The expression of this miR, in addition to 53 others, was found to be decreased 
in squamous cell carcinoma compared to healthy skin by microarray analysis. 
(Upregulated miRs identified in this study were miR-31, miR-135b, miR-21, and 
miR-223.) Overexpression of miR-125b repressed the proliferation, colony forma-
tion, migration, and invasive capacity of squamous carcinoma cells. The effect on 
invasion is presumably related to the ability of miR-125b to downregulate matrix 
metalloproteinase-13 (MMP13) [43], which as an MMP can promote invasiveness 
by degrading the extracellular matrix that would otherwise limit cell migration. In-
deed, knockdown of MMP13 reproduced the phenotype caused by overexpression 
of miR-125b [43], suggesting the importance of both the miRNA and MMP13 in 
squamous cell carcinoma.
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Using a microarray analysis (with a subset of miRNAs verified by quantitative 
RT-PCR), another study examined the expression of miRNAs in basal cell carci-
noma compared with non-lesional skin [49]. Eighteen miRNAs were identified with 
significant upregulation, as well as ten miRNAs that showed a significant decrease. 
A computer analysis predicted that these miRNAs should target many tumor-pro-
moting pathways, such as ERK-1/2 and the Hedgehog signaling pathway, suggest-
ing that miRNAs may be involved in the development of basal cell carcinoma in 
addition to squamous cell carcinoma.

Another microarray study analyzed the miRNA expression profile in two sub-
types of basal cell carcinoma, nodular and more aggressive infiltrative basal cell 
carcinoma, to determine whether there might be miRNA differences that potentially 
distinguish these two subtypes (since no such mRNA differences have been found). 
Heffelfinger et al. [50] identified 20 miRNAs by sequencing, that showed differ-
ential expression in nodular versus infiltrative basal cell carcinoma. Six of these 
were assayed by quantitative RT-PCR and analyzed for a second (“replication”) set 
of nodular and infiltrative basal cell carcinoma. Of these, five were validated by 
quantitative RT-PCR but only three of the five were significant among all tumors 
analyzed. One, in particular miR-183, was found to distinguish between the two tu-
mor subtypes with no overlap. The prediction of potential miR-183 targets indicated 
a likely role of this miRNA in regulating cell motility and invasiveness [50], as has 
been seen in other cancer cell types and consistent with its differential expression in 
nodular (higher) versus infiltrative (lower) basal cell carcinoma.

Thus, a variety of studies have indicated a role of miRNAs in the development 
of nonmelanoma skin cancer, and there appear to be a number of different miRNAs 
that may be involved. This idea is further supported by the finding that the miRNA-
processing enzymes Dicer and Drosha are altered in skin cancer [51]. Thus, Drosha 
levels are significantly increased in basal and squamous cell carcinoma compared 
to normal skin from the same individuals, whereas Dicer expression is decreased in 
basal cell carcinoma and increased in squamous cell carcinoma [51]. This dysregula-
tion of Dicer and Drosha expression could contribute to the changes in miRNA levels 
that have been documented to occur in nonmelanoma skin cancer.

In summary, then, accumulating data point to an important role of miRNAs in 
various processes in the skin. Returning to the hallmarks of cancer cells discussed 
earlier, in epidermal and/or follicular keratinocytes, miRNAs have been found to 
regulate the processes of, or proteins involved in: proliferation [26, 28, 30, 43, 
52–54], apoptosis [21], morphogenesis [20–23, 55], senescence [27, 39], migration 
(cell motility) and/or invasion [37, 43, 47, 52], differentiation [28, 29, 56], angio-
genesis (e.g., VEGF [48]), and genome stability (e.g., MSH2 [46]), as summarized 
in Table 13.2. Furthermore, studies in other systems indicate that miRNAs are also 
involved in regulating the immune system (reviewed in [3, 57]). Thus, miRNAs can 
regulate all of the cellular processes known to be dysregulated in cancer. It is then 
not surprising that accumulating data are indicating a role for these small noncoding 
RNAs in tumorigenesis in the skin, and it seems likely that additional studies will 
provide further evidence of their importance in skin cancer development, progres-
sion, and metastasis.
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Abstract Prostate cancer is one of the cancers with high incidence and mortality rates 
among US men. Even though prostate-specific antigen screening and other diagnostic 
approaches have improved patient prognosis, an urgent need for molecularly-based 
biomarkers of progression persists. MicroRNA (miRNA) dysregulation can have pro-
found consequences as the loss of tumor-suppressive miRNAs enhances the expres-
sion of target oncogenes, while the upregulation of oncogenic miRNAs represses 
the target tumor suppressor genes. The realization of the importance of miRNAs in 
biological processes has led to a quest to understand the molecular mechanisms regu-
lating miRNAs using a variety of model systems and to entertain the possibility of 
using miRNA antagonists or mimics for anticancer therapy. The promise of miRNAs 
as diagnostic and prognostic markers will also need to be realized by using validated 
datasets and standardized methodologies which will give us a way to compare and 
verify expression profiles. Here, we discuss the past and current studies which have 
led us to this point as miRNA-based therapeutics make their way into clinical trials.

Keywords MicroRNAs · Prostate cancer · CRPC · Progression · Androgen 
receptor · Biomarkers · Circulating miRNA · Clinical trials · p53 · Epigenetics

1 Introduction

Prostate cancer (CaP) ranks first in incidence and second in cancer-related mortality 
rates among males in the US [1]. There were 241,740 cases and 28,170 deaths in 
2012, which makes it the second deadliest after lung cancer. Androgen deprivation 
and radiation constitute the first-line therapy against androgen-dependent as well as 
castration-resistant prostate cancer (CRPC). Even though most patients who fail an-
drogen deprivation therapy (ADT) go on to develop CRPC, the majority of patients 
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continue to live with indolent CaP. There is an urgent need to predict which patients 
may fail ADT and which may never progress to CRPC. Existing diagnostic methods 
and prognostic indicators have improved risk stratification, so that patients who 
are at higher risk of progression are treated more aggressively, but the problems 
of overtreatment and subsequent side effects associated with treatment continue to 
be significant stumbling blocks. By itself, the Gleason score remains the best pre-
dictor of recurrence, progression, and death [2]. Additional prognostic modalities 
such as the Cancer of the Prostate Risk Assessment (CAPRA) score have improved 
outcomes, but molecularly-based biomarkers have been in short supply. One of the 
areas in which molecular biomarkers can best help is the characterization of biopsy 
specimens into indolent and aggressive cancers, and this is where small noncoding 
RNAs such as microRNAs (miRNAs) enter the picture.

miRNAs are small non-protein-coding RNA molecules that regulate gene expres-
sion by binding to the 5′- or 3′-untranslated regions (UTRs) of target transcripts, 
inhibiting their translation or inducing degradation. miRNA genes are frequently 
located in fragile sites, minimal regions of loss of heterozygosity, and minimal re-
gions of amplification [3]. Oncogenic miRNAs are associated with regions of am-
plification, while tumor suppressor miRNAs are associated with frequently deleted 
chromosomal regions. Single nucleotide polymorphisms in miRNA genes can also 
be predictive of cancer recurrence and survival [4]. miRNA genes can be mono- or 
polycistronic, and can be intergenic, intronic, or exonic [5]. When located in exons 
of protein-coding genes, miRNAs frequently share the promoter of the host gene and 
are cotranscribed with it. The genes encoding miRNAs are transcribed in much the 
same way as protein-coding genes are, and produce a primary transcript of several 
hundred nucleotides in length. After multiple stages of processing in both the cyto-
plasm and nucleus, the mature 21–23-nucleotide (nt) miRNA is generated. Mature 
miRNAs are incorporated into RNA-induced silencing complexes (RISCs), and bind 
with imperfect complementarity to specific seed sequences in their target genes. Re-
cent estimates predict that approximately 30 % of all genes are regulated by miRNAs 
where each miRNA can target multiple genes, and each messenger RNA (mRNA) 
can be targeted by multiple miRNAs, generating a complex network of gene regula-
tion which can have a profound impact on cellular programs. These layers of com-
plexity are required since miRNAs can be double-edged swords due to the immense 
variety of possible downstream effects. miRNAs are well on the way to becoming the 
central focus of many fields of research in oncology, as evidenced by the exponential 
growth in number of publications since their discovery a decade ago.

2 miRNAs Deregulated in CaP

A comprehensive literature search using the keywords “miRNAs and prostate can-
cer” reveals > 350 studies which focused on examining the role of miRNAs in CaP. 
A large number of miRNAs have already been explored in CaP with regard to their 
biological function, expression profile in cell lines and clinical samples, prognostic/
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diagnostic ability, and population dynamics. Results from most of these studies to 
date have been summarized in Table 14.1. It is interesting to note that most of the 
miRNAs studied so far are down-modulated in CaP, denoting their role as primarily 
tumor suppressors, whereas the number of oncogenic miRNAs, commonly referred 
to as oncomiRs, is only a handful. This makes the list of miRNAs that may poten-
tially be used as markers of progression and recurrence short, since upregulated 
genes are considered to be more reliable biomarkers compared to downregulated 
genes. Several miRNAs target the androgen receptor (AR), which is an important 
survival factor for prostatic tissues, both in benign stages and in neoplastic stages. 
The list of miRNAs that target the AR is similarly short, which is conducive to 
developing strategies to modulate AR expression and functions.

3 Importance of the miRNA–AR Axis in CaP

Androgen signaling and AR expression levels are critical in the carcinogenesis and 
survival of CaP, even in hormone-refractory stages. Activation of target genes by 
AR is required for the normal functioning of the prostate gland as well as for the 
progression of CaP. The overexpression and aberrant ligand-independent activation 
of AR have been implicated in the development of CRPC. AR signaling aberra-
tions and miRNAs appear to be closely linked to the progression of CaP, either by 
regulation of AR signaling by miRNAs or by androgen-dependent regulation of 
miRNA expression. The disruption of this AR–miRNA axis may contribute to the 
development of CaP. AR-targeting miRNAs presumably maintain expression of AR 
at optimal levels. The loss of AR-targeting miRNAs can potentially lead to elevated 
levels of AR expression and contribute to the development of CRPC. In addition, 
shortening of AR 3′ UTR resulting from alternative splicing or alternative polyad-
enylation may lead to the loss of miRNA binding sites, which would potentially 
disrupt miRNA-dependent repression of AR leading to AR overexpression [6].

A systematic analysis performed to identify potential AR-targeting miRNAs re-
vealed that miRs-135b, -185, -297, -299-3p, -34a, -34c, -371-3p, -421, -449a, -449b, 
-634, -654-5p, and -9 were found to directly target a longer 3′UTR than previously 
used by most target prediction algorithms [7]. Of these, miRs-34a and -34c are of inter-
est due to their close association with the tumor suppressor p53. It has been postulated 
that miRs of the miR-34 family are responsible for most of the functions of p53 [8], 
even though miR-34-deficient mouse models have failed to corroborate these results 
[9]. Studies from our laboratory have demonstrated that miRNAs which target the AR 
indirectly may also play an important role in CaP progression. We showed that miR-
let-7c is underexpressed in CRPC and indirectly regulates the expression of AR via 
modulation of c-Myc, one of the transcription factors binding to AR promoter [10, 11]. 
In a study which examined the regulation of miRNAs by androgen, 17 miRNAs were 
> 1.5-fold upregulated or downregulated upon dihydrotestosterone (DHT) treatment in 
CaP cell lines, and 42 after castration in AR-positive xenografts. Only four miRNAs 
(miRs-10a, -141, -150*, and -1225-5p) were found to be regulated by androgen in both 
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miRNA Expression Target Altered function References
let-7 family Downregulated Ras, c-Myc, Cyclin D1, 

Cdc25A, EZH2, PBX3, 
Lin28

Induces apoptosis, inhibits 
proliferation, regulates 
AR signaling

[10, 11, 
39, 56]

miR-1 Downregulated SLUG, PNP, FN1, LASP1, 
PTMA, BRCA1, 
CHK1, MCM7

Inhibits invasion, prolifera-
tion, EMT, tumorigen-
esis, prognostic marker

[57–59]

miR-7 Downregulated ERBB2 Inhibits cell proliferation, 
tumor progression

[60]

miR-9 Downregulated AR Inhibits androgen-induced 
proliferation

[7]

miR-10a Upregulated HOXA1 Affects gene expression, 
cell differentiation

[61]

miR-15a Downregulated FGF2, FGFR1, CCND1, 
WNT3A

Reduces tumor-supportive 
ability of stromal cells

[26, 62]

miR-16 Downregulated FGF2, FGFR1, CDK1, 
CDK2, CCND1, 
WNT3A

Reduces tumor-supportive 
ability of stromal cells; 
inhibits proliferation, 
inhibits growth of 
metastases

[26, 62, 
63]

miR-17* Downregulated Mitochondrial antioxidant 
enzymes

Suppresses tumorigenesis [64]

miR-17-3p Downregulated Vimentin Reduces tumor growth; 
putative tumor 
suppressor

[65]

miR-20 Upregulated VEGFA, CDKA1A, 
NCOA3, HIF1A, CAV1

High in CaP; biomarker 
for CaP

[66]

miR-20a Upregulated CX43 Promotes proliferation, 
tumor growth; high in 
CaP; increased in high 
Gleason grade

[67, 68]

miR-21 Upregulated RECK, MARCKS, 
PDCD4, PTEN, TPM1, 
SPRY2, TIMP3

Oncogenic; increases 
invasiveness; resistance 
to apoptosis

[17, 18, 
34]

miR-22 Downregulated PTEN Induces apoptosis and 
inhibits metastasis

[13, 69, 
70]

miR-23a/b Downregulated Rac1, PRDXIII Suppresses metastasis and 
response to hypoxia

[71, 72]

miR-24 Upregulated FAF1 Inhibits apoptosis [16]
miR-25 Upregulated PTEN Induces cell proliferation [16, 73]
miR-26a Up/downregu-

lated
PLAG1, EZH2 Influences apoptosis, pro-

liferation, invasion
[13, 73, 

74]
miR-27a Upregulated Prohibitin AR-regulated; induces AR 

target genes; induces 
cell growth

[75]

miR-27b Downregulated Rac1, CYP1B1, NOTCH1 Inhibits proliferation, 
regulates hormone 
metabolism

[13, 71, 
74]

miR-29a/b Downregulated VEGFA, hnRNP-K, 
DKK1, sFRP2

Reduces cell proliferation; 
regulates cell differ-
entiation and immune 
response

13, 76]

Table 14.1  MiRNAs differentially expressed in prostate cancer
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miRNA Expression Target Altered function References
miR-30b/c Up/downregu-

lated
BCL-9, MTA1, Snail1, 

GalNAc
Biomarker, influences 

metastasis
[13, 77]

miR-30d Downregulated GRP78 Induces apoptosis [78]
miR-31 Downregulated BCL-2L2, E2F6 Promotes apoptosis, inhib-

its proliferation
[79, 80]

miR-32 Upregulated BTG2, Bim, C9orf5 AR-regulated; reduces 
apoptosis; short progres-
sion-free survival

[16, 81]

miR-34a Downregulated c-Myc, BCL-2, SIRT-1, 
E2F3, MET, CDK4–6, 
DLL1, CD44

Suppresses malignancy; 
inhibits prolifera-
tion and survival and 
metastasis

[16, 
82–86]

mir-34b Upregulated CDK6, CREB, c-Myc, 
MET

Affects cell cycle and 
proliferation

[16, 83]

miR-34c Downregulated CDK6, MET, c-Myc, 
E2F3

Inhibits proliferation [16, 83]

miR-92 Downregulated Bim Induces apoptosis [13, 73, 
87]

miR-96 Upregulated FOXO1, hZIPs Affects apoptosis [49, 50]
miR-100 Up/downregu-

lated
PSA, SMARCA5, 

SMARCD1, Ras, 
c-Myc

Independent predictor of 
biochemical recurrence; 
decreases proliferation

[88, 89]

miR-101 Downregulated COX-2, EZH2 Genomic loss during 
progression; Suppresses 
growth, invasion

[20, 90]

miR-106a Upregulated RB1 Inhibits apoptosis [73]
miR-106b Upregulated PTEN Proto-oncogenic; 

cooperates with 
host gene MCM7 in 
transformation

[69]

miR-107 Downregulated Granulin Inhibits proliferation [73, 91]
miR-125a Up/downregu-

lated
ERBB2, ERBB3 Cell proliferation, 

apoptosis
[13, 16, 

92]
miR-125b Upregulated BAK1, p53, PUMA AR-regulated; inhibits 

apoptosis, promotes 
castration resistance

[14, 15, 
48]

miR-126 Downregulated CRK, Spred1, PIK3R2/
p85-beta

Inhibits proliferation, inva-
sion, progression

[74, 93]

miR-126* Downregulated Prostein Inhibits metastasis [93, 94]
miR-128a Downregulated GOLM1, PHB, TROVE2, 

TMSB10
Inhibits invasion, 

progression
[16, 95]

miR-130a Downregulated CCNB1, ROCK1, 
GTF2H1, STX6

Impairs tumor growth; 
induces cell cycle arrest

[96]

miR-132 Downregulated TALIN-2, HBEGF Induces cell death [97]
miR-133a Downregulated EGFR, PNP1 Inhibits proliferation, 

invasion
[59, 98]

miR-133b Downregulated FAIM Inhibits proliferation, 
metabolic activity

[99]

miR-135b Downregulated AR Inhibits androgen-induced 
proliferation

[7]

Table 14.1 (continued)
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miRNA Expression Target Altered function References
miR-141 Upregulated Clock, SHP Activates AR and 

metastases
[13, 100–

102]
miR-143 Downregulated KRAS, ERK5, MYO6, 

KLK4, KLK10
Inhibits progression, 

proliferation, migra-
tion, invasion, enhances 
docetaxel sensitivity

[36, 103–
106]

miR-145 Downregulated SWAP70, FSCN1, BNIP3, 
TNFSF10, MYO6, Myc

Inhibits proliferation, 
invasion, tumorigen-
esis, migration, induces 
apoptosis

[31, 35, 
36, 
103, 
107–
109]

miR-146a Downregulated EGFR, MMP-2, ROCK1, 
CXCR4

Inhibits invasion, prolifera-
tion, metastasis

[110, 111]

miR-148a Up/downregu-
lated

CAND1, MSK1 Regulated by androgen, 
inhibits growth, migra-
tion, invasion, increases 
paclitaxel sensitivity

[112, 113]

miR-153 Upregulated PTEN Promotes proliferation [114]
miR-181a Downregulated GRP78 Induces apoptosis [78]
miR-181a-1 Upregulated RB1, RBAK Induces tumor progression [16, 74]
miR-182 Upregulated hZIP1 Regulates zinc homoeosta-

sis, inhibits apoptosis
[16, 49, 

50]
miR-182-5p Upregulated Unknown High in high-grade CaP [115]
miR-183 Upregulated hZIP1 Regulates zinc 

homoeostasis
[50]

miR-185 Downregulated AR Inhibits androgen-induced 
proliferation

[7]

miR-193b Downregulated Unknown Reduces growth, putative 
tumor suppressor

[116]

miR-194 Upregulated DNMT3a, MeCP2 Induces genomic 
instability

[117]

miR-195 Up/downregu-
lated

CDK4, GLUT3, WEE1, 
CDK6, Bcl-2

Cell cycle, proliferation, 
apoptosis

[13, 16, 
74]

miR-200a/b Up/downregu-
lated

SLUG, PDGF-D, 
NOTCH1, Lin28B

Regulates EMT, cell 
growth

[37, 38, 
58, 
118]

miR-200c Upregulated SEC23A, JAGGED1 Induces cell growth and 
metastasis, inhibits 
apoptosis

[119, 120]

miR-203 Downregulated CKAP2, LASP1, BIRC5, 
WASF1, ASAP1, 
RUNX2, survivin

Inhibits proliferation, 
migration, invasion, 
EMT

[96, 121, 
122]

miR-204 Upregulated PDEF Increases cell growth [123]
miR-205 Downregulated VEGFA, HRAS, KLK2, 

NCOR2, E2F6, 
PKCepsilon

Promotes apoptosis, MET, 
inhibits proliferation

[76, 79, 
96, 
124–
126]

miR-210 Upregulated EFNA3, MNT, HOXA1, 
APC, ELK3

Induces hypoxia, prolifera-
tion and migration

[13, 127]

miR-214 Upregulated EZH2, N-Ras, PTEN Induces proliferation and 
cell cycle

[73]

miR-218 Upregulated RAS, c-Myc, SMARCA5 Induces cell proliferation [128]

Table 14.1 (continued)
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miRNA Expression Target Altered function References
miR-221 Up/downregu-

lated
ARHI, c-Kit, p27kip1 Oncogenic [129–133]

miR-222 Up/downregu-
lated

ARHI, c-Kit, p27kip1 Oncogenic [80, 129–
133]

miR-223 Downregulated NFI-A Induces differentiation [73]
miR-224 Up/downregu-

lated
KLK1, API-5 Influences progression-free 

survival
[70, 74, 

134]
miR-296 Downregulated HMGA1 Inhibits growth and 

invasion
[135]

miR-297 Downregulated AR Inhibits androgen-induced 
proliferation

[7]

miR-299-3p Downregulated AR Inhibits androgen-induced 
proliferation

[7]

miR-301a Downregulated FOXF2, BBC3, PTEN, 
COL2A1

Inhibits proliferation [132]

miR-320 Downregulated β-catenin, ETS2 Inhibits progression [25, 136, 
137]

miR-330 Downregulated E2F1 Inhibits growth, induces 
apoptosis

[138]

miR-331-3p Downregulated DOHH, ERBB2, KLK4, 
KLK10, EGFR, HER2

Inhibits AR and Akt 
signaling, inhibits 
proliferation

[21, 60, 
106, 
139]

miR-345 Upregulated BAG3 Induces invasion, 
metastasis

[13]

miR-370 Upregulated FOXO1 Induces proliferation [140]
miR-371-3p Downregulated AR Inhibits androgen-induced 

proliferation
[7]

miR-373 Downregulated CD44 Suppress CD44 translation, 
induce invasion

[141]

miR-375 Upregulated SEC23A Stimulates proliferation; 
serum levels predict 
high risk for progression

[77, 100, 
119]

miR-421 Downregulated AR Inhibits androgen-induced 
proliferation

[7]

miR-449a/b Downregulated AR, HDAC-1, Cyclin D1 Induces senescence and 
growth arrest

[7, 142, 
143]

miR-488* Downregulated AR Inhibits proliferation, 
induces apoptosis

[144]

miR-521 Upregulated CSA Influences DNA repair [22]
miR-616 Upregulated TFPI-2 Induces castration 

resistance
[145]

miR-634 Downregulated AR Inhibits androgen-induced 
proliferation

[7]

miR-642-5p Downregulated DOHH Regulates eIF5A activ-
ity, inhibits cell 
proliferation

[139]

miR-654-5p Downregulated AR Inhibits androgen-induced 
proliferation

[7]

miR-708 Downregulated CD44, Akt2 Decreases tumorigenicity, 
regression of established 
tumors

[146]

Table 14.1 (continued)
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cell lines and xenografts. Of these, miR-141 was found to be expressed more in CaP 
and CRPC compared to benign prostate hyperplasia [12]. A profiling study analyzed 
cell lines, xenograft models, and patient samples to establish correlations between 
AR expression and miRNA signature [13]. AR signaling results in upregulation of 
miR-125b, which acts as an oncogene in CaP [14]. miR-125b is overexpressed in AR-
positive cell lines compared to AR-negative ones and is overexpressed in the majority 
of CaP patient samples compared to benign prostate tissue [15]. miR-338 has also 
been shown to be induced by androgen activation in LNCaP cells [16]. AR has been 
found to induce the oncomiR miR-21 in LNCaP and LAPC-4 cell lines. Elevation of 
miR-21 was further demonstrated to promote tumor growth and castration resistance 
in a LNCaP mouse xenograft model [17, 18]. To complicate the role of AR-induced 
miRNA in CaP, other studies find that AR has anticancer interactions with miRNA. 
AR is essential to p53-induced apoptosis, which is mediated by miR-34a/c [19], and 
also induces expression of the antiproliferative miR-101 [20]. Finally, AR signaling 
was also shown to be indirectly regulated by miR-331-3p in LNCaP cells, suggesting 
yet another role for miRNA in the AR signaling pathway [21]. Since the only function 
of miRs is to bind to 3′ UTR and inhibit translation of target genes, androgens may 
operate via induction of miRs to inhibit repressors of AR function. In concordance, 
knockdown of DICER in LNCaP cells and in tissues in mice induced the expression of 
co-repressors, NCoR and SMRT. These studies demonstrate a feedback loop between 
miRs, co-repressors, and AR and the imperative role of miRs in AR function.

4 miRNAs in Radiation Response

Ionizing radiation activates a multitude of survival and death signaling pathways. Pre-
vious studies demonstrate that radiation induces changes in a large number of genes, 
which are involved in DNA repair/synthesis, stress response, and cell cycle control. 
However, the role of miRNAs and how they integrate into the radiation signaling path-
ways is largely unknown. About 60 % of cancer patients receive radiation treatment, 
and while it is very effective, some patients may benefit from identification of novel 
radiosensitizers. It is expected that radiosensitizers should reduce the dose or frequency 
of radiation treatment and improve disease outcome in patients. In one study, global 
miRNA profiling was performed to determine important miRNAs in radiation stress 
response. The study found that of the 330 miRNAs analyzed, 10 miRNAs were sig-
nificantly downregulated while 5 were significantly upregulated following irradiation 
in LNCaP and C4-2 CaP cells. They also found that miR-521 played a major role 
in modulating the radiation sensitivity of CaP cells [22]. Another study performed 
miRNA array and found that of 132 cancerous miRNAs examined, 10 miRNAs were 
significantly upregulated by irradiation in LNCaP cells. They also showed that miR-
106b induced radioresistance in LNCaP cells by inhibiting the radiation-induced in-
crease in p21 [23]. The identities of the miRNAs found to be modulated by irradiation 
from both studies are completely different, despite the use of identical experimental 
systems. One of the possible reasons may be that rapidly occurring changes in miRNA 
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expression profiles may not be detected in samples collected after longer periods of 
time after irradiation. One of these studies used samples collected 4 h after irradiation, 
while another collected samples 24 h after irradiation. These results exemplify the care 
to be taken when radiation response in miRNA expression profiles is examined and the 
need for standardization of duration and amount of radiation applied. Another study 
compared single-dose radiation to fractionated radiation and found that fractionated 
radiation alters more miRNAs than a single dose. Some miRNAs were altered to a 
similar extent in both p53-positive and p53-null cells, indicating that p53 may not be 
the sole determinant of radiation response in CaP cells [24].

5 miRNAs in Other Signaling Pathways

miRNAs targeting other important cellular signaling pathways such as Wnt, NF-κB, 
p53, and cytokine signaling have also been described in CaP. MiR-320 downregu-
lates Wnt signaling by directly targeting β-catenin and suppresses stem cell-like 
characteristics of CaP cells, possibly reorienting them towards a more differentiated 
phenotype [25]. The miR-15a-16-1 cluster targets Wnt3a and CCND1 in addition 
to other oncogenic targets and inhibits proliferation, survival, and invasion of CaP 
cells [26], indicating that coordinated inhibition of multiple signaling pathways 
may elicit stronger responses in terms of CaP cell survival. Very few miRNAs tar-
geting either the classical or the alternative NF-κB pathways have been studied in 
CaP. Recent studies have identified miR-181b as being overexpressed in prostate 
carcinomas and that it targets CYLD, a known tumor suppressor and inhibitor of 
classical NF-κB signaling. miR-181b is part of a feedback loop involving STAT3, 
CYLD, IL-6, and NF-κB and participates in an epigenetic circuit to promote cell 
transformation [27]. Similarly, miR-21, which is induced by STAT3 and targets 
PTEN, is involved in induction of NF-κB activation by a positive feedback loop 
[27]. In addition, miR-21 has been universally reported to be overexpressed in hu-
man carcinomas including carcinoma of the prostate [18, 28]. A few recent reports 
have contradicted the oncogenic role of miR-21 in CaP [29], which goes to show 
that miRNAs have cell type- and tissue-specific roles in human cancers, and great 
care should be exercised in extending findings from one human cancer to another.

Several miRNAs have been shown to be downstream of the tumor suppressor 
p53, which include miR-34 family, miR-192/215, and miR-145—known transcrip-
tional targets of p53. Most of these are downregulated in CaP, which demonstrates 
their importance in the tumor suppressor network spearheaded by p53. The miR-34 
family of miRNAs and miR-145 are also regulated by methylation of promoters [30, 
31]. In addition, p53 has been shown to be regulated by a few oncogenic miRNAs, 
primarily by miR-125b in CaP, which binds to the 3′UTR of p53 and regulates its 
expression [32]. miR-125b is an androgen-induced miRNA [15], implying that ac-
tivation of AR signaling represses p53 and its related tumor-suppressive functions.

Cytokine signaling is also modulated by miRNAs in CaP. For example, IL-6 
is regulated by the let-7 family, which in turn is regulated by a feedback loop 
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involving Lin28, STAT3, and NF-κB [33]. IL-6 signaling results in activation 
of STAT3, which in turn induces the oncomiR, miR-21 [27], which had been 
shown to be overexpressed in CaP and to mediate proliferation, invasion, and 
metastasis [17, 18, 34]. The exact mechanisms by which miR-21 operates in CaP 
are still debated [29] and need to be examined using in vitro and in vivo models. 
miR-145, which is underexpressed in CaP due to methylation and p53 gene mu-
tation [31], induces expression of pro-apoptotic genes such as TNFSF10 and IL-
24 [35]. Epithelial-to-mesenchymal transition (EMT) is defined as the process 
by which epithelial cells acquire mesenchymal characteristics and transition to 
an elongated fibroblastic phenotype, thus acquiring attributes such as increased 
cell motility and invasion. Several miRNAs such as miR-200/200b, miR-143, 
miR-145, and the let-7 family have been shown to control EMT in CaP [36–39]. 
These findings collectively indicate that miRNAs occupy a critical niche in cell 
survival processes and fine-tune the survival and death signals via cross talk with 
the tumor microenvironment.

6 Epigenetic Regulation of CaP-Related miRNAs

Deregulated expression of miRNAs in cancer cells can result due to genomic ab-
normalities such as chromosomal rearrangements, genomic amplifications, and 
deletions of miRNA genes, and also due to altered transcriptional and posttran-
scriptional control of miRNA expression. In addition, epigenetic changes, such 
as methylation of CpG islands in the promoter regions of miRNA genes, can 
alter miRNA expression in cancer cells. An extensive analysis of miRNA genes 
shows that ~ 50 % are associated with CpG islands suggesting their possible 
regulation by the DNA methylation machinery. In CaP, miRNA deregulation af-
fects epigenetic reprogramming, blockade of apoptosis, promotion of cell cycle, 
migration, and invasion and is an alternative mechanism to sustain castration-
resistant growth. Although several miRNAs have been reported to be regulated 
epigenetically in CaP, only a few have been experimentally proven to contribute 
to the disease. Of the miRNAs that are involved in the epigenetic process in 
CaP, three distinct types can be described: (1) miRNAs that regulate genes of 
the epigenetic machinery such as miR-101 and miR-449a, which regulate EZH2 
and HDAC1, respectively; (2) miRNAs that are epigenetically regulated, such 
as miR-1 (MCM7, BRCA1), miR-200c/141 cluster (ZEB1/ZEB2), miR-132 
(TALIN-2), miR-205 (ZEB1/ZEB2), miR-126 (DNMT1), miR-193b, miR-196b 
(target(s) unknown), miR-145 (TNFSF10), miR-34 family (SIRT1/CD44), and 
miR-21 (multiple targets); (3) miRNAs that are involved in the epigenetic regu-
lation of AR, such as miR-34 family, miR-141, miR-494, and miR-29a/b/c (for 
a complete review see [40]). In addition, AR-regulated miRNAs such as miR-
125b and miR-21 have also been shown to be epigenetically regulated [15, 18]. 
Thus, epigenetic regulation of miRNAs adds an extra degree of complexity to 
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the picture which needs to be further elucidated to fully realize the potential of 
manipulating the epigenetic machinery for therapeutic purposes.

7 Circulating miRNAs in CaP

Recent evidence suggests that miRNA profiles from tissue sources as well as 
circulating body fluids may be good tools for prognostic and diagnostic pur-
poses. miRNA profiles not only can distinguish between tumors of different de-
velopmental origin but also possess other prerequisites to be considered useful 
noninvasive biomarkers. First, they are exceptionally stable in a wide variety of 
clinical samples such as formalin-fixed paraffin-embedded tissues, blood, serum, 
and urine [41]. Second, they can be quantitatively measured reliably in small 
amounts of samples by real-time quantitative reverse transcription polymerase 
chain reaction (RT-PCR) and are amenable to high-throughput strategies [42]. 
Third, they are resistant to endogenous ribonuclease activity as well as varia-
tions in temperature and pH [43]. In addition, they are highly conserved among 
different species making the use of animals for preclinical studies feasible. A 
circulating tumor biomarker should also be able to detect a tumor before it can 
easily be detected by other means, and this is one area in which application of 
miRNAs has not been explored. The first studies that demonstrated that circulat-
ing cell-free miRNA profiles in body fluids are altered in response to different 
malignancies [44, 45] brought the exciting and limitless possibilities of circulat-
ing miRNAs to the fore. Since then, several preclinical studies have analyzed 
the sensitivity and specificity of cell-free miRNAs as biomarkers. Some of these 
studies are summarized in Table 14.2.

The mechanisms involved in the release of miRNAs into circulation have 
been under debate. The theory that miRNAs are passively released into extra-
cellular spaces is being increasingly challenged by recent evidence that shows 
that miRNAs are released within microvesicles or endosomes and sometimes 
as Ago2-coupled complexes. These miRNAs may constitute a distinct miRNA 
profile of that particular tumor type and assist in prognosis. But confounding 
factors such as contamination of circulating miRNAs by cellular miRNAs and 
by erythrocyte miRNAs released due to hemolysis still exist. Similarly, even 
among the limited number of studies which analyzed prognostic indicators of 
miRNA profiles for CaP, the inconsistencies in sample selection, sample col-
lection, methods of extraction of miRNAs, experimental platforms used, and 
ignorance of cellular origin make it difficult to effectively compare the results 
and draw conclusions about the efficacy of a particular miRNA or a panel of 
miRNAs in risk stratification or prognosis. Large-scale clinical studies with rig-
orous controls and an internationally established code for sample selection and 
collection are needed before the promise of miRNAs as circulating biomarkers 
can be realized in the clinic.
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Body fluid Sample size Methodology Findings References
Plasma 25 patients (metastatic 

CaP), 25 healthy 
controls

qRT-PCR (6 miRNAs) miR-141 levels differ-
entiate CaP patients 
from healthy controls

[45]

21 patients (metastatic 
CaP)

qRT-PCR (miR-141) miR-141 levels cor-
related with PSA and 
with progression

[147]

51 patients (18 
localized, 8 local 
advanced, 25 meta-
static), 20 healthy 
controls

qRT-PCR (miR-21, 
miR-221, and 
miR-141)

miR-21 and miR-221 
levels higher in CaP 
compared to healthy 
controls; miR-21, 
miR-221, and miR-
141 higher in meta-
static vs. localized 
disease

[148]

82 patients of stage 
2–3; with risk 
stratification

qRT-PCR (miR-20a, 
miR-21, miR-145, 
and miR-221)

miR-20a levels higher in 
stage 3 compared to 
lower stages; miR-20a 
and miR-21 levels 
higher in high-risk 
patients; all four 
could distinguish high 
risk from low risk

[149]

Serum 6 patients (stages 2–4 
CaP), 8 healthy 
controls

Custom microarray 
(547 miRNAs)

15 miRNAs elevated in 
CaP patients

[150]

56 patients (20 local-
ized CaP, 20 andro-
gen-dependent CaP, 
10 CRPC), 6 BPH 
controls

qRT-PCR (miR-21) miR-21 levels higher in 
CRPC compared to 
BPH; associated with 
docetaxel resistance 
in CRPC

[151]

29 patients (9 low 
risk, 11 intermedi-
ate risk, 9 high 
risk), 9 healthy 
controls

Multiplex qRT-PCR 
(677 miRNAs)

10 miRNAs differ-
entially expressed 
in CaP; 7 miRNAs 
correlated with risk 
groups

[152]

7 high-grade and 14 
low-grade patients 
(profiling); 116 
patients of various 
grades (validation)

qRT-PCR (667 
miRNAs)

miR-141, miR-200b and 
miR-375 elevated in 
high-grade patients 
and correlated with 
clinicopathological 
parameters

[101]

45 patients (37 local-
ized, 8 metastatic), 
18 BPH controls, 
20 healthy controls

qRT-PCR (5 miRNAs) miR-26a, miR-195, and 
let-7i levels higher 
in CaP compared to 
BPH

[153]

14 TRAMP mice and 
14 healthy controls 
(profiling); 25 
metastatic CaP and 
25 healthy controls 
(validation)

Affymetrix microar-
ray, qRT-PCR (609 
murine miRNAs, 10 
human miRNAs)

miR-141, miR-298, 
miR-346, and miR-
375 levels higher in 
CaP

[154]

 Table 14.2 Circulating miRNAs in prostate cancer
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8  miRNAs as Biomarkers, Prognostic Markers,  
and/or Therapeutic Targets

Numerous studies have described the potential for a particular miRNA or a panel of 
miRNAs to be used as biomarkers or prognostic markers in CaP. In addition, some 
studies have attempted to antagonize the functions of miRNAs with a view to using 
them as therapeutic targets. miR-21, which is one of the few oncomiRs to be de-
scribed in CaP, is an example of an miRNA that may serve as a biomarker as well as 
a therapeutic target. miR-21 targets several mRNAs, such as MARCKS [34], RECK 
[17], and PDCD-4 [46] and is postulated as an independent predictor of biochemical 
recurrence and as a potential therapeutic target [47]. Similarly, miR-125b, which 
targets p53 and other molecules in the p53 pathway, such as BAK1 [15, 48], may 
serve as a biomarker of castration resistance, tumor stage, and perineural invasion 
as well as a therapeutic target. Another miRNA that is overexpressed in CaP, miR-
96 (FOXO1, hZIPs), may be a prognostic marker of biochemical progression and 
tumor recurrence [49, 50]. Other miRNAs that have been shown to be downregu-
lated in CaP and that are implicated in prognosis are miR-331-3p, miR-146, miR-1, 
miR-143, miR-145, miR-34 family, miR-200 family, let-7 family, miR-1, etc. This 
preclinical evidence needs to be corroborated by clinical studies, and although it is 
patently obvious that miRNAs could help classify CaP progression and recurrence, 
their potential is still far away from clinical application.

Different approaches are being developed to achieve gain or loss of miRNA func-
tions. Restoring the functions of tumor suppressor miRNAs which have been re-
pressed can be achieved by adeno-associated viruses, lentiviruses, cationic liposomes, 
or polymer-based nanoparticle formulations [51]. On the other hand, antagonizing 
functions of oncomiRs can be achieved by introduction of antagomiRs, oligonucle-
otides which inhibit target pairing competitively [52], or by miRNA “sponges,” which 

Table 14.2 (continued)
Body fluid Sample size Methodology Findings References

28 low-risk, 30 high-
risk localized CaP 
and 26 metastatic 
CRPC

TaqMan miRNA 
microarray, 
qRT-PCR

miR-375, miR-387*, 
and miR-141 higher 
in CRPC compared 
to low-risk localized 
CaP; miR-409-3p 
lower in CRPC

[155]

Plasma 
and 
serum

78 patients (vari-
ous grades, 15 
with diagnosed 
metastases) and 28 
healthy controls 
for profiling; 119 
patients (47 recur-
rent after radical 
prostatectomy and 
72 nonrecurrent)

qRT-PCR (742 
miRNAs)

12 miRNAs altered 
in CaP compared 
to healthy controls; 
16 miRNAs altered 
in metastatic vs. 
localized

[156]
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have been designed to carry multiple binding sites for several endogenous miRNAs 
[53]. Some small molecules such as azobenzene, which blocks miR-21 function, [54] 
are also being explored as potential inhibitors of miRNA function.

9 miRNAs in Clinical Trials

miRNA therapeutics that are in preclinical development include miR-208/499 in 
chronic heart failure, miR-195 in post-myocardial infarction remodeling, and let-
7 for non-small cell lung cancer. Some of these therapeutics may reach clinical 
trial stages in the not-so-distant future. There are currently a number of companies 
which have miRNA therapeutics programs with the most successful being mira-
virsen (SPC3649), an miR-122 inhibitor (Santaris Pharma), which is in phase II 
studies for treatment of hepatitis C. Miravirsen was the first miRNA-targeted drug 
to enter clinical trials. Recently, MGN-4893 (Miragen Therapeutics) that targets 
miR-451 was given orphan drug status by the US Food and drug Administration 
(FDA) to treat polycythemia vera, a myeloproliferative disorder characterized by 
an overabundance of blood cells and platelets in the body.

Although there are currently no clinical trials that use miRNAs as a treatment op-
tion for CaP, recent successes by Mirna Therapeutics and researchers at MD Anderson 
Cancer Center in inhibiting CaP tumor growth, decreasing lung metastasis, and extend-
ing survival in mice using liposome-based systemic delivery of miR-34a to suppress 
the adhesion molecule CD44 are promising. This group hopes to advance miR-34a as 
a treatment option for CaP patients. Currently, there are a few observational clinical 
trials to study miRNAs in CaP (www.clinicaltrials.gov) as detailed in Table 14.3.

10 Challenges in Using miRNA-Based Therapeutics

miRNAs are naturally occurring molecules, and distinct advantages of using miRNAs 
as therapeutic agents over currently used conventional drugs are apparent. These in-
clude their broad specificity, which would be a disadvantage with other therapies but 
is a distinct advantage with miRNA-based therapeutics. Consequently, miRNA-based 
therapeutics can target multiple genes in one or multiple pathways concurrently. In ad-
dition, tumor-suppressive miRNAs can be used to cooperatively target one or multiple 
target genes. Another advantage of using miRNAs as drugs is their small size, which 
makes them less antigenic than protein- or oligosaccharide-based gene replacement 
strategies. But as with other kinds of therapeutic agents, there are several challenges 
associated with using miRNAs as therapeutics; a major hurdle is the mode of deliv-
ery. Even though viral-mediated delivery systems (adenoviral, lentiviral) have shown 
promise in preclinical studies, they are not likely to be extrapolated to human use. 
Other strategies such as liposome- or nanoparticle- mediated delivery or conjugation 
to cell-penetrating peptides may be plausible. Adjuvant carrier systems which can in-
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crease the stability of miRNAs in the cellular microenvironment and enhance uptake 
by target tissues need to be invented. Another major hurdle is the concern that delivery 
of exogenous miRNAs or their mimics may overwhelm the cellular RISC system 
and interfere with the processing of endogenous miRNAs. Other concerns include 
off-target effects, toxicity, and possible liver damage [55]. Population-based variation 
in miRNA expression profiles is another major challenge. Dosage and combinations 
of miRNAs for each type of cancer need to be established taking into account the 
gender, race, and environmental conditions of each patient. These are difficult but not 
insurmountable obstacles, and with the current pace in discovery and application of 
miRNA-based therapeutics, their resolution would not be too far away in the future.

11 Conclusions and Perspectives

Research in the last decade, since the discovery of miRNAs, has suggested that an 
intimate relationship exists between CaP and miRNA profiles making these discov-
eries of strong prognostic and therapeutic importance. The field is clearly promising 
and exciting but further accurate dissection of the mechanistic aspects is absolutely 
necessary to determine the specific roles of individual miRNAs and collective im-

Table 14.3  Current miRNA-related clinical trials in CaP
Trial title Study type Institution Trial identifier
MicroRNA expression profiles in 

high-risk prostate cancer
Observational; to study 

whether miRNA 
profiles correlate with 
disease outcome

Würzburg 
University 
Hospital, 
Germany

NCT01220427

Molecular correlates of sensitiv-
ity and resistance to therapy in 
prostate cancer

Observational; to 
study differences in 
miRNA profiles in 
order to discover new 
biomarkers and drug 
targets

University of 
Washington

NCT01050504

Trial of vaccine therapy in curative 
resected prostate cancer patients 
using autologous dendritic cells 
loaded with mRNA from primary 
prostate cancer tissue, hTERT, 
and Survivin

Treatment; secondary 
objective

Rikshospitalet 
University 
Hospital, 
Norway

NCT01197625
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pact of a particular miRNA profile signature on disease outcome and progression. 
Once this knowledge is obtained, it would become easier to develop therapeutic 
approaches to target a specific miRNA or a set of miRNAs to achieve a desired out-
come. At the same time, even though several studies have demonstrated the utility 
of miRNA profiling in predicting clinical outcome, the findings need to be validated 
and consistency needs to be improved. In conclusion, miRNAs represent valuable 
prognostic and therapeutic tools which may prove to be essential weapons in the 
fight against CaP progression, and it is up to the research community to come up 
with innovative and reliable techniques to utilize them effectively.
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Abstract Ovarian cancer is one of the most fatal gynecological malignancies 
responsible for the death of more than 14,000 patients in the USA annually. Even 
after advancements in treatment and diagnostic approaches, the 5-year survival of 
ovarian cancer patients is less than 30 %. The development of early detection meth-
ods combined with personalized medicine is crucial for the effective treatment and 
improvement of overall survival of ovarian cancer patients. Altered expression of 
microRNAs (miRNAs) and their multifaceted biological activities in cancer make 
them important candidates for diagnosis, prognosis, and therapy of cancer. The pres-
ence of miRNA in body fluids such as blood and urine provides a unique opportunity 
for developing noninvasive methods for screening, evaluating drug response, and 
detecting recurrence of the disease. This chapter presents an overview of miRNA 
alterations involved in ovarian cancer development, progression, and drug resistance.

Keywords Ovarian cancer · miRNA · Development · Progression · Metastasis

1 Introduction

Ovarian cancer is the leading cause of death among gynecological malignancies. 
Three main factors, including diagnosis at later stage, development of drug resis-
tance, and higher recurrence rate are responsible for the high mortality rate of this 
disease. A number of studies have been performed to identify novel biomarkers for 
early detection and therapeutic applications with little or no success. The discov-
ery of a biomarker or set of biomarkers for epithelial ovarian cancer (EOC) has 
been further complicated due to the poor understanding of its origin. Earlier, EOC 
was supposed to originate from ovarian surface epithelium; however, recent studies 
have supported a nonovarian origin of ovarian cancer [25].
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Despite improvements in better diagnostics and clinical methods, poor under-
standing of the mechanism of development and progression of ovarian cancer is a 
major hurdle in devising an effective strategy for the treatment of this cancer. The 
discovery of microRNAs (miRNAs) and their potential role in human diseases have 
opened a new possibility for understanding the underlying mechanism of the disease’s 
development and possible therapeutic interventions for effective treatment. Several 
research groups, including ours, have examined altered expression of miRNAs in 
ovarian cancer and studied the role of miRNA targets in ovarian carcinogenesis 
[11, 16, 21, 32, 53]. This book chapter presents a summary of up-to-date knowledge 
on miRNAs in ovarian cancer development, progression, and drug resistance.

2 miRNA Expression in Ovarian Cancer

A number of investigations have been carried out to understand the expression 
pattern of miRNAs, their potential targets, and mechanisms of action in ovarian 
cancer pathogenesis. Dahiya et al. [11] identified the differential expression of 70 
miRNAs in EOC compared to normal human ovarian surface epithelial cell line 
(HOSE B). Among 14 miRNAs commonly deregulated in ovarian cancer cell lines 
and tumor tissue samples, 3 miRNAs (miR-221, miR-146b, and miR-508) were 
upregulated and 11 miRNAs (let-7f, miR-106b, miR-134, miR-155, miR-21, miR-
346, miR-422a, miR-424, miR-519a, miR-648, and miR-662) were downregulat-
ed. Transcriptional targets of selected miRNAs were determined after transfection 
of precursor miRNAs in ovarian cancer cell lines followed by microarray analysis. 
Comparison of altered messenger RNAs (mRNAs) with predicted targets for the 
selected miRNAs showed very little overlap, suggesting the importance of experi-
mental approaches for identifying novel miRNA targets. Zhang et al. [53] applied 
multiple approaches to explore miRNA expression pattern in EOC. Thirty-five 
miRNAs were differentially expressed in cancer vs. immortalized normal ovarian 
surface epithelial cells, of which 31 miRNAs were downregulated. Comparison of 
late-stage vs. early-stage cancer identified 13 downregulated miRNAs, suggest-
ing a tumor-suppressing role of these miRNAs in ovarian cancer progression. To 
understand the contribution of epigenetic modifications in miRNA deregulation in 
ovarian cancer, Zhang et al. [53] treated five EOC cell lines with DNA demeth-
ylating agents 5-aza-2′-deoxycytidine and histone deacetylase inhibitor. Sixteen 
miRNAs downregulated in EOC showed increased expression after treatment, 
suggesting an important role of epigenetic silencing in miRNA deregulation in 
EOC [53].

Iorio et al. [21] performed miRNA microarrays on 89 samples (15 normal ovar-
ian samples, 69 ovarian malignant tumors, and 5 ovarian carcinoma cell lines), and 
identified miR-200a, miR-200b, miR-200c, and miR-141 as highly upregulated, and 
miR-199a, miR-140, miR-145, and miR-125b1 as highly downregulated in cancer 
compared to normal ovarian control samples. The deregulation of some of the miR-
NAs was associated with epigenetic modification, as treatment with demethylating 
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agent 5-aza-2′-deoxycytidine induced expression of some of the miRNAs. Nam 
et al. [32] also found upregulation of miR-200a, miR-200b, miR-200c, and miR-
141 and downregulation of miR-145, miR-199a, and miR-125b. In addition to the 
above studies, increased expression of miR-200 family members in ovarian cancers 
has been reported in several other research studies [45, 47].

Although miRNA microarray provides a great platform for identifying miRNAs 
involved in ovarian cancer development and progression, the technique is limited 
for known miRNAs only. In order to identify known and novel miRNAs which 
could be potential diagnostic or therapeutic markers, Wyman et al. [45] performed 
next-generation sequencing on small-RNA complementary DNA (cDNA) librar-
ies prepared from RNA extracted from EOC specimens. The authors identified six 
novel (miR-2114, miR-449c, miR-2115, miR-2116, miR-2117, and miR-548q) and 
39 already annotated miRNAs significantly altered in cancer vs. normal HOSE B 
cell lines. Some miRNAs were able to distinguish between different ovarian can-
cer subtypes such as miR-449a (serous specific), miR-499-5p/miR-375/miR-196a/
miR-196b/miR-182 (endometroid specific), and miR-486-5p/miR-144/miR-30a/
miR-199a-5p (clear cell specific).

Among the four main subtypes of ovarian cancer, i.e., serous, mucinous, endo-
metroid, and clear cell carcinoma, although serous cancer is the most common can-
cer, clear cell carcinoma, which represents only ~ 6 % of ovarian cancer is of major 
concern due to worse prognosis than serous cancers. Nagaraja et al. [31] applied 
the Illumina next-generation sequencing technique to study miRNA expression in 
clear cell ovarian cancer cell lines and short-term cultures of HOSE B. A total of 54 
differentially expressed miRNAs were identified in cancer vs. normal cell line: 21 
miRNAs were upregulated, and 33 miRNAs were downregulated in cancer. miR-
100 was most significantly downregulated in clear cell cancer cells, and forced 
expression of miR-100 in ovarian cancer cell line OVSAYO resulted in decreased 
expression of mTOR protein levels. Downregulation of mTOR protein also reduced 
the expression of downstream targets 4EBP1 and P70S6. In addition to finding 
miR-100-mediated regulation of mTOR and its downstream targets, the authors 
also identified a novel role of miR-100 in the sensitization of OVSAYO cells to 
the rapamycin analog RAD001. This study provides an alternative mechanism for 
overcoming chemoresistance of clear cell cancer cells to RAD001.

To further extend the studies beyond miRNA expression pattern and miRNA 
target determination, Kim et al. [22] performed miRNA microarray analysis on 
103 fresh benign, borderline, and malignant ovarian tumor samples and correlated 
miRNA expression with clinicopathological features. Among several deregulated 
miRNAs in cancer, the expression of three miRNAs, namely miR-519a, miR-153, 
and miR-485-5p, was correlated with clinicopathological parameters. Reduced ex-
pression of miR-153 and miR-485-5p was associated with International Federation 
of Gynecology and Obstetrics (FIGO) grade 3. Reduced expression of miR-153 and 
increased expression of miR-519a were associated with advanced clinical stage. 
Higher expression of miR-519a was also associated with poor progression-free sur-
vival. This study provides a novel role of these three miRNAs as diagnostic and 
prognostic biomarkers for ovarian cancer.
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Since ovarian cancer is mostly diagnosed at later stages of the disease, most of 
the ovarian cancer biomarker studies have been conducted on late-stage tumors. 
There is a dire need to understand molecular changes occurring at early stages dur-
ing the development of ovarian cancer. Marchini et al. [30] did miRNA profiling 
of 144 FIGO stage I EOC samples isolated from patients treated with a platinum-
based regimen. A set of 34 miRNAs associated with progression-free survival was 
able to divide patients into two clusters. Further analysis using quantitative poly-
merase chain reaction (qPCR) identified the upregulation of miR-214, miR-199a-
3p, miR-199a-5p, miR-145, miR-200b, and miR-143 and the downregulation of 
miR-30a, miR-30a*, miR-30d, miR-200c, and miR-20a in tumor tissue samples 
from relapsers compared to nonrelapsers. Examination of miRNA expression pat-
tern with patient survival identified an association of high levels of miR-199a-3p 
and miR-199a-5p with lower overall and progression-free survival.

3  miRNA Target Genes Often Deregulated  
in Ovarian Cancer

In addition to high-throughput miRNA profiling studies, several authors attempted 
to identify miRNAs regulating genes or pathways with known functions in ovar-
ian cancer pathogenesis. Deregulation of kallikrein-related peptidases has been re-
ported in several cancers, and the altered expression of six kallikrein members, 
namely KLK4, KLK5, KLK6, KLK7, KLK10, and KLK15, was found to be as-
sociated with poor prognosis of ovarian cancer [51]. To gain further insight into the 
regulation of KLK10, which has been found to be upregulated in ovarian cancer, 
White et al. [42] examined miRNA-mediated regulation of KLK10. Correlation of 
miRNA:mRNA expression in ovarian cancer patients identified several potential 
miRNAs targeting KLK10. Based on prediction analysis, three miRNAs (let-7f, 
miR-224, and miR-516a) targeting the 3′UTR of KLK10 were selected. Modulation 
of miRNA expression levels led to downregulation of KLK10 protein, validating 
miRNA-mediated regulation of KLK10 in ovarian cancers.

Another gene important in ovarian cancer is Six1, a homeobox protein frequent-
ly deregulated in cancer. To understand the regulation of Six1 in ovarian cancers, 
Imam et al. [20] applied prediction algorithms to identify potential miRNAs reg-
ulating Six1. miR-185 was predicted by seven different algorithms (Target Scan, 
miRanda, mirTarget2, miTarget, PITA, RNA22, and RNA hybrid) and inversely 
correlated with Six1 expression in multiple cancers. Further analysis indicated that 
miR-185 regulated Six1 at the mRNA and protein levels. Downregulation of Six1 by 
miR-185 resulted in a significant effect on colony formation in vitro and inhibited 
tumor growth in vivo.

Amyloid precursor proteins (APPs) are known for their role in Alzheimer’s dis-
ease; however, recently APPs have been found to regulate cell adhesion, motility, 
and proliferation. Fan et al. [14] identified the role of APP in the regulation of 
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proliferation and invasion in OVCAR3 cell line via miR-20a-mediated degrada-
tion by binding to 3′UTR. Overexpression of miR-20 increased long-term prolifera-
tion and invasion of ovarian cancer cells OVCAR3. Bhattacharya et al. [2] applied 
computational prediction methods along with literature survey to find miRNAs tar-
geting BMI-1, which is upregulated in epithelial malignancies, including ovarian 
cancers. miR-15a and miR-16 were selected as putative miRNAs interacting with 
BMI-1. An inverse correlation was observed between BMI-1 and the expression of 
miR-15 and miR-16 in ovarian cancer samples. Ovarian cancer samples express-
ing a high level of miR-15a and miR-16 showed low levels of BMI-1, and low 
BMI-1-expressing samples showed high levels of miR-15a and miR-16. A list of 
miRNAs altered in ovarian cancer and their validated targets is given in Table 15.1.

4 Regulation of miRNA Expression in Ovarian Cancer

Although a number of studies have been conducted to determine differential ex-
pression of miRNA in ovarian cancer, the transcriptional or posttranscriptional 
regulation of miRNA expression in ovarian cancer is not very well characterized. 
Recently, p53 has been identified as a novel regulator of miRNAs, either regulating 
miRNA transcription or modulating miRNA functions. p53 is a very important mol-
ecule from the ovarian cancer standpoint. More than 90 % of ovarian cancers exhibit 
p53 mutations, and it plays a crucial role in ovarian cancer pathogenesis. Corney 
et al. [9] reported p53-mediated regulation of miR-34, which is downregulated in 
100 % of EOCs with p53 mutation and in 93 % EOC expressing wild-type p53. 
Downregulation of miR-34b*/c was more pronounced in stage 4 tumors compared 
to stage 3 tumors. To find the functional significance of miR-34 in EOC, the authors 
modulated miRNA levels and found an inhibitory effect of miR-34 on prolifera-
tion, motility, and invasion, which were, in part, regulated via changes in mesen-
chymal epithelial transition factor (MET) levels [9]. In addition to p53 regulation, 

Table 15.1  List of miRNAs significantly altered in ovarian cancer and their validated targets
Name of miRNA Validated target Reference
miR-214 PTEN [42]
miR-15a, miR-16 BMI1 [2]
miR-125a ARID3B [12]
miRNA-200 ZEB1, ZEB2 [1]
miR-187 DAB2 [6]
miR-20a APP [14]
miR-125 BCL3 [18]
miR-185 SIX1 [20]
miR-125b BAK-1 [24]
let-7f, miR-224, miR-516a KLK10 [42]
miR-128, miR-152 CSF1 [43]
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promoter methylation and copy number change were also associated with reduced 
expression of miR-34a in EOC samples. Another p53-regulated miRNA, miR-31, 
which is downregulated in EOC, was identified by Creighton et al. [10]. The au-
thors identified a p53-dependent role of miR-31 in ovarian cancer proliferation and 
apoptosis regulation. Forced expression of miR-31 in cells expressing dysfunctional 
p53 inhibited proliferation and induced apoptosis, but cells expressing functional 
p53 were unaffected by miR-31 levels. The genomic deletion at 9p21 was also sug-
gested as a factor responsible for reduced expression of miR-31 in ovarian cancer. 
Association of miR-31 expression with alterations in the p53 pathway and func-
tions suggests potential applications of miR-31-based therapies in patients with a 
nonfunctional p53 pathway.

Transcriptional regulation of miR-200 family members was studied in detail by 
Knouf et al. [23]. The authors applied the chromatin immunoprecipitation approach 
to identify molecules associated with the promoter region of these miRNAs and 
found an important role of p73 and p63 in the transcriptional regulation of miR-
200a, b, and miR-429.

Yin et al. [50] identified TWIST1-mediated regulation of miR-199a and miR-
214 in CD44+ ovarian cancer stem cells. TWIST1 also regulates transition of TypeI/
CD44+ cells to Type II/CD44− cells through the regulation of IKKβ/NF-κB and 
PTEN/AKT pathways. Further analysis identified TWIST-mediated regulation of 
IKKβ/NF-κB and PTEN/AKT pathways via regulation of miRNAs miR-199a and 
miR-214. Another regulator of NF-κB and AKT is the adenoviral type 5 E1A (E1A). 
E1A is an inhibitor of metastasis, and E1A-based therapies are under trial for cancer 
treatment; however, the mechanism of metastasis inhibition is not very clear. Su 
et al. [39] identified the role of E1A in the regulation of miR-520h, which ultimately 
inhibited expression of TWIST and downstream effectors NF-κB and AKT.

5 miRNA Mutations/Polymorphism in Ovarian Cancer

To understand the role of genetic variations in miRNA genes in familial ovarian 
cancer, Shen et al. [36] studied miRNAs targeting key ovarian cancer genes. Thirty 
miRNAs were selected based on the miRNA:mRNA interactions using computa-
tional algorithm. Among seven, novel genetic variations were identified for four 
miRNAs: one was found in miR-17 (C/T) and miR-188 (T/C), two in miR-29b-2 
(C/T, A/T), and three in miR-191 (C/T, C/G, C/A). Further analysis of the RNA 
secondary structure for three variants of miR-191 genes showed a slight change 
in the secondary structure of the C/A variant with reduced stability of the A allele 
compared to the C allele. Transfection of precursor miRNA in SKOV3 cell lines 
showed about twofold higher expression of the C allele compared to the A allele.

Pastrello et al. [33] investigated miRNA expression in BRCA1/BRCA2-nega-
tive familial breast and ovarian cancer patients. Three miRNAs, namely miR-146a, 
miR-17, and miR-369, were selected based on their ability to target the BRCA1/2 
gene and genetic localization in chromosomal regions deleted in sporadic and 
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familial breast and ovarian cancers. The genetic variations in these three miRNAs 
were not associated with predisposition to breast and ovarian cancer; however, a 
single nucleotide polymorphism (SNP) in miR-146a was found to be associated 
with early onset of the disease. In another study, a G-to-C polymorphism in the pre-
cursor miR-146a gene was found associated with age of diagnosis in breast cancer 
and ovarian cancer patients. The authors hypothesized that the presence of a vari-
ant allele predisposes patients to early onset of cancer due to high levels of mature 
miR-146a [33].

6 Role of miRNA in Ovarian Cancer Metastasis

Among a number of miRNAs involved in ovarian cancer pathogenesis, members of 
the miR-200 family play a critical role in ovarian cancer progression and metasta-
sis. The miR-200 family members, which include miR-200a, miR-200b, miR-200c, 
miR-141, and miR-429, have been reported to regulate epithelial-to-mesenchymal 
transition (EMT), a crucial event for metastasis. The miRNA-200 family regulates 
the zinc finger transcriptional repressors ZEB1 and ZEB2, which are known to pro-
mote EMT via downregulation of E-cadherin and Lgl-2 [1].

The authors proposed a double-negative feedback loop between miR-200 and 
ZEB, which regulates mesothelial-to-epithelial transition during ovarian cancer 
progression. An inverse correlation was found between the expression of miR-200 
and ZEB, showing higher expression of ZEBs (ZEB1 and ZEB2) and lower ex-
pression of miR-200 in normal HOSE cell line and reverse expression pattern in 
cancer cells. Another important regulator of EMT is the epidermal growth factor 
receptor (EGFR), which is known to mediate EMT via regulation of E-cadherin in 
ovarian cancer cells. Dahl et al. [12] identified negative regulation of EMT by miR-
125. The role of miR-125a in the negative regulation of EMT is further validated 
by the forced expression of miR-125a, which induced mesenchymal-to-epithelial 
conversion of highly invasive ovarian cancer cells. The authors identified indirect 
regulation of miR-125 transcription by EGFR via regulation of transcription factor 
PEA3. To gain further insight into the mechanism of miR-125a-mediated MET, 
the authors applied miRNA target prediction approaches to predict targets of miR-
125a and identified ARID3B as a potential target. The potential role of ARID3B in 
MET is further strengthened by its known role in mesenchymal development during 
embryogenesis. The inverse correlation in the expression pattern of miR-125a and 
ARID3B in ovarian cancer cells further validates the findings. Role of miR-125 
in ovarian cancer development was also studied by Guan et al. [18]. Modulation 
of the miR-125b level was associated with cellular proliferation of ovarian cancer 
cells in vitro and tumor growth in vivo. miRNA target prediction using miRTarAS 
identified BCL3 as a potential target of miR-125, which was validated very well in 
ovarian cancer cells. Modulation of miR-125b levels in SKOV3 and ES2, two dif-
ferent ovarian cancer cell lines, was correlated with BCL3 expression at the protein 
level [18]. Chao et al. [6] found upregulation of miR-187 in ovarian cancer cell lines 
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compared to normal ovarian surface epithelial cell line. Recently, miR-187 has been 
reported to regulate EMT via direct regulation of Dab2 and subsequent deregulation 
of E-cadherin and vimentin expression. Inverse correlation between miR-187 and 
Dab2 expression in ovarian cancer also supports regulation of Dab2 by miR-187. 
Downregulation of Dab2 has been reported in a variety of cancers, which suggests 
a tumor suppressor function; however, the Dab2-mediated induction of EMT sug-
gests dual functions of Dab2 in tumor progression [6].

7 miRNA in Drug Resistance

Platinum-based regimens are the most effective chemotherapeutic drugs used for 
the treatment of ovarian cancer. The standard chemotherapeutic approach for ovar-
ian cancer treatment involves a combination of a platinum compound, such as cis-
platin or carboplatin, with a taxane, such as paclitaxel or docetaxel. Cisplatin is 
one of the best platinum adducts used for treating ovarian cancer. However, most 
of the patients treated with cisplatin and other platinum-based drugs develop drug 
resistance. For effective treatment, it is important to overcome the drug resistance 
developed in patients treated with cisplatin. Involvement of miRNAs in the devel-
opment of drug resistance in ovarian cancer has been reported by several studies 
[8, 15, 24, 38, 46]. Increased expression of miR-125b was found to be associated 
with cisplatin resistance in ovarian cancer cell line C13, a cisplatin-resistant variant 
of cell line OV2008. Bcl2 antagonist killer 2 (Bak-1), a direct target of miR-125b, 
was downregulated in resistant cell lines, and forced downregulation of Bak-1 de-
creased cisplatin-induced apoptosis in OV2008 cell lines [24].

Most of the let-7 family members have been classified as tumor suppressors due 
to downregulation in cancers. It has been reported that let-7 expression improves 
response of cancer cells to platinum-based chemotherapy or radiation therapy [41]. 
Among 11 let-7 family members identified in humans, most of the let-7 members 
have been categorized as tumor suppressors except let-7a-3, which exhibits onco-
genic functions [29]. Expression of let-7a was found to be associated with drug 
resistance in ovarian cancer patients. Patients with high expression of let-7a showed 
better survival compared to patients with low expression of let-7a when treated with 
cisplatin. However, upon administration of a combination treatment with cisplatin 
and paclitaxel, patients expressing high let-7a showed worst progression-free and 
overall survival. On the other hand, patients with low expression of let-7a showed 
better survival with combination therapy using cisplatin and paclitaxel compared to 
cisplatin or paclitaxel therapy [29].

To identify potential miRNAs in chemoresistance in EOC, Yang et al. [48] stud-
ied 69 late-stage EOC patient samples, which were either responsive or resistant 
to cisplatin therapy. A set of 34 miRNAs was identified in noncomplete response 
vs. complete response groups, of which 24 were overexpressed in the noncomplete 
response group and 10 were overexpressed in the complete response group. let-7i 
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was the topmost downregulated miRNA in chemotherapy resistance group vs. che-
motherapy responsive group [48].

To identify miRNAs involved in the development of drug resistance, Sorren-
tino et al. [38] performed miRNA expression profiling on A2780 wild-type ovar-
ian cancer cell line and its cisplatin-resistant and paclitaxel-resistant counterparts. 
Six miRNAs, namely let-7e, miR-30c, miR-125b, miR-130a, and miR-335, were 
involved with chemoresistance, of which three miRNAs, namely miR-30c, miR-
130a, and miR-335, were downregulated in all cell lines, whereas miR-125b was 
upregulated in all resistant cell lines except the paclitaxel-resistant cell line [38].

Another important modulator of drug resistance in ovarian cancer is miR-214, 
which has been found upregulated in late-stage and high-grade ovarian cancers. 
miR-214-induced cell survival and cisplatin resistance via downregulation of PTEN 
and activation of the AKT pathway. High expression of miR-214 in recurrent can-
cers compared to primary cancers treated with cisplatin suggested its direct role in 
the development of ovarian cancer drug resistance [47]. Low expression of miR-214 
in primary cancer and inverse correlation with PTEN expression also suggest its po-
tential application as a biomarker for cisplatin resistance in ovarian cancer patients.

The Nodal-Activin receptor-like kinase 7 (ALK7) pathway is also involved in 
chemosensitivity [45]. Ye et al. [48] observed an inverse correlation between miR-
376 and ALK7 expression in serous ovarian cancer samples isolated from patients 
in the complete response group and incomplete response group. The incomplete re-
sponse group exhibited higher expression of miR-376a than the complete response 
group. The direct role of miR-376 in drug response was confirmed by modulation 
of miRNA levels in cancer cells, which resulted in subsequent change in sensitivity 
to cisplatin [48].

Chen et al. [7] studied the expression pattern of IKKb and miR-199a in two types 
of EOCs categorized into type I and type II based on MyD88 expression. Type I 
cells express high IKKb and low miR-199a, which by TLR and TNF-alpha stimula-
tion, activates NF-κB and makes cells more resistant to cytotoxic drugs. However, 
the similar mechanism was not observed in type II EOC cells, which express high 
miR-199a and low IKKb. Nam et al. [32] also found an association of low expres-
sion of miR-199a with the development of drug resistance in ovarian cancer.

Different patients respond differently to the same drug treatment. Based on the 
response, patients can be categorized into three different groups: (1) complete re-
sponse, (2) partial response, (3) no response. Most of the patients who do not re-
spond to the treatment exhibit inherent drug resistance. To understand the mecha-
nism of inherent drug resistance, Boren et al. [3] performed miRNA profiling on 
16 ovarian cancer cell lines and compared the miRNA expression pattern to drug 
sensitivity of these cell lines. Cells were treated with doxorubicin, gemcitabine, 
paclitaxel, docetaxel, topotecan, and cisplatin followed by cell proliferation assay. 
A total of 27 miRNAs were identified that were significantly associated with cells’ 
response to chemotherapeutic treatments. In addition to some miRNAs associated 
with a specific drug, some miRNAs were associated with more than one drug, for 
example, miR-213, miR-181a, miR-181b (doxorubicin, gemcitabine), miR-99a 
and miR-514 (docetaxel, paclitaxel), miR-518-AS (docetaxel, topotecan), and 



296 M. Sangwan and N. Dahiya

miR-520f (docetaxel, cisplatin). To identify cisplatin-responsive genes, the authors 
did miRNA profiling in sensitive and resistant cell lines. A set of 81 miRNAs show-
ing differential expression pattern in cisplatin-sensitive cell lines and its cisplatin-
resistant counterparts were identified. Three miRNAs, namely miR-340, miR-381, 
and miR-520f, were also identified in the inherent resistance to platinum in 16 ovar-
ian cancer cell lines [3].

Another important determinant for selecting a specific drug for treating patients 
is the length of disease-free survival time. Patients with long disease-free intervals 
between first-line platinum-based therapies can be retreated with platinum-based 
regimens as a second line of chemotherapy. However, patients with shorter disease-
free intervals will most likely not respond well to the second-line platinum-based 
therapy, and therefore, are given an alternate chemotherapeutic regimen. In order to 
gain insight on the biomarkers that can be useful for predicting response to a second 
line of platinum-based chemotherapy, Eitan et al. [13] studied the miRNA expres-
sion pattern in stage I and stage III ovarian cancer patients treated with platinum-
based chemotherapies. Nineteen miRNAs showed a differential expression pattern 
between stage I and stage II patient samples. Seven miRNAs were significantly dif-
ferentially expressed in platinum-sensitive vs. platinum-resistant patient samples. 
Three miRNAs, namely miR-27a, miR-378, and miR-23a, also showed significant 
differences in sensitive and resistant samples from stage III patients. miR-449b was 
able to predict overall survival of patients where higher expression was associated 
with improved survival. On the other hand, higher expression of miR-21, miR-23a, 
miR-24-2*, and miR-27a were associated with poor prognosis.

One of the factors determining the response of patients to a particular drug de-
pends on the expression of different proteins involved in an efflux of drugs from 
cancer cells. P-glycoprotein (P-gp), a member of adenosine triphosphate (ATP)-
binding cassette transporters is involved in the efflux of drugs from cancer cells, 
has been found to be upregulated in ovarian cancer. Increased expression of P-gp 
was associated with the development of drug resistance in ovarian cancer [17]. To 
find the mechanism involved in P-gp-mediated drug resistance in ovarian cancer, 
Li et al. [27] examined the expression of miR-27a and P-gp in A2780 and A2780/
Taxol cells and found increased expression of both miR-27 and P-gp in resistant 
A2780/Taxol cells compared to sensitive A2780 cell line. The direct role of miR-27 
in drug response was further confirmed by modulation of miR-27a using an miRNA 
mimic which increased sensitivity of cells to Taxol drugs and also inhibited HIPK2; 
a Target scan predicted targets of miR-27a.

8 Functional Roles of miRNAs in Ovarian Cancer

The development and progression of cancer involve a number of cellular activi-
ties such as adhesion, apoptosis, invasion, motility, and survival. Recently, the po-
tential of miRNAs in regulating these important cellular activities with respect to 
ovarian cancer pathogenesis has been reported by several authors [26, 43, 44, 49]. 
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Overexpression of miR-200a, an important modulator of EMT, inhibited migra-
tion and invasion of cancer cells by direct regulation of ZEB2, a transcriptional 
repressor of E-cadherin [44]. Altered expression of miR-22, which regulates vari-
ous cellular processes including cell growth, motility, apoptosis, and cell cycle have 
been implicated in different human cancers, including ovarian cancer [28, 34, 51] 
(Li et al. 2010). To understand the role of miR-22 in ovarian cancer metastasis, Li 
et al. [26] investigated miRNA expression in low-metastatic and high-metastatic 
cell lines derived from SKOV3. Among several differentially expressed miRNAs 
between low- and high-metastatic cell lines, miR-22 was selected for further analy-
sis due to decrease in miR-22 expression in the late stage compared to the early 
stage of the cancer [26]. Introduction of miR-22 in SKOV3IP inhibited migration of 
cells, whereas treatment with an miR-22 inhibitor increased cancer cell migration 
suggesting an inverse correlation between miR-22 expression and cell migration in 
ovarian cancer cells.

ALK7 and its ligand Nodal are apoptotic inductors in ovarian cancer cells. Us-
ing computation prediction based on complementary sequences in 3′UTR of ALK7, 
miR-376 was identified as a potential miRNA targeting ALK7. A luciferase reporter 
assay also confirmed miR-376-mediated downregulation of ALK7. Modulation 
of miR-376 levels in ovarian cancer cells affected cellular proliferation, survival, 
and spheroid formation. Upregulation of miR-376 reduced the expression of ALK7 
and subsequently increased the size of the spheroid, whereas inhibition using anti-
miR-376 increased the expression of ALK7 and decreased the size of the spheroid. 
Inhibition of miR-376 also resulted in a low number of apoptotic cells, further sup-
porting the role of ALK7 in regulation of apoptosis in ovarian cancer cells [48]. [43] 
reported the role of miR-128 and miR-152 in regulation of colony-stimulating fac-
tor 1 (CSF-1), which is involved in the progression of ovarian cancer via regulation 
of CSF-1R, a tyrosine kinase receptor [43]. In normal ovarian surface epithelium, 
there is very low expression of CSF-1; however, increased expression of CSF-1 and 
its receptor was associated with poor prognosis in ovarian cancer [5].

Shih et al [37] identified miRNA survival signature for advanced ovarian cancer. 
Twenty-nine miRNAs were found to be associated with overall survival. Nega-
tive correlation between miR-410 and miR-645 and overall survival was found in 
advanced stage ovarian cancer. The negative association was independent of tumor 
debulking and FIGO stage. Due to diagnosis at later stages of the disease, there are 
very few studies on early stages of ovarian cancer. Marchini et al. [30] analyzed 
144 EOC stage I patients to identify miRNA survival signature. A set of 34 miR-
NAs was found to be associated with overall survival and 11 miRNAs (miR-214, 
miR-199a-3p, miR-199a-5p, miR-145, miR-200b, miR-30a, miR-30a*, miR-30d, 
miR-200c, miR-20a, and miR-143) showed differential expression between relaps-
ers and nonrelapsers. Three miRNAs (miR-200c, miR-199a-3p, and miR-199a-5p) 
were associated with progression-free survival, overall survival, or both. However, 
downregulation of miR-200c was confirmed in relapsers compared to nonrelapsers, 
but upregulation of miR-199a-3 and miR-199-5p was not validated, suggesting the 
potential of miR-200c in predicting the survival of EOC stage I patients. Increased 
expression of miR-200a, b, c, miR-141, miR-18a, miR-93, and miR-429 and de-
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creased expression of let-7b and miR-199a were correlated with decreased progres-
sion-free and overall survival of the patients [32]. A putative tumor suppressor re-
gion on chromosome 14, which harbors a cluster of miRNAs located in Dlk1–Gtl2 
region domain, was identified in EOCs. Decreased expression of eight Dlk–Glt2 
domain miRNAs is associated with high tumor proliferation and poor survival [53]. 
Decreased expression of let-7i was indicative of a shorter progression-free survival 
in comparison to patients with higher expression of let-7i, suggesting a strong role 
of let-7i as a therapeutic target or chemoresistant modulator in EOC treatment [48].

9 Circulating miRNAs in Ovarian Cancer

Detection of miRNAs in circulation has revolutionized their applications for de-
veloping noninvasive biomarkers for diagnosis, therapy, and clinical outcome of a 
treatment for human diseases. The technology is also promising for monitoring the 
recurrence of the disease. Taylor and Gercel-Taylor [40] identified increased ex-
pression of the same miRNAs that are overexpressed in cancers in exosomes isolat-
ed from patients’ blood samples. Resnick et al. [35] applied the reverse transcriptase 
PCR (RTPCR) method to examine the potential of serum miRNAs as biomarkers 
for EOC. Twenty-one miRNAs were differentially expressed in serum isolated from 
cancer patients compared to serum from normal patients. Among eight miRNAs se-
lected for further study, five miRNAs, namely miR-21, miR-92, miR-93, miR-126, 
and miR-29a, were significantly upregulated and three miRNAs, namely miR-155, 
miR-127, and miR-99b, were significantly downregulated in cancer patients’ serum 
compared to normal controls.

To identify novel miRNA biomarkers for ovarian cancer screening and treat-
ment, Hausler et al. [19] performed miRNA profiling on whole blood samples 
collected from ovarian cancer patients and healthy normal controls. Among 147 
significantly altered miRNAs between cancer and normal, 4 miRNAs were identi-
fied after multiple comparisons by the Benjamini–Hochberg approach. Although 
the authors were able to identify an miRNA’s signature in ovarian cancer patients, 
it was not sensitive and specific enough for the monitoring of disease progression. 
However, a combination of an miRNA signature with other markers could be used 
for improving existing screening methods.

10 Conclusion

In summary, we conclude that miRNAs are important regulators of ovarian can-
cer development and progression. Identification of miRNAs and their targets spe-
cific to different cancer subtypes, various stages, and grades will be crucial for 
understanding the disease pathogenesis. In addition, the involvement of miRNAs in 
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the development of drug resistance, recurrence of the disease, and determination of 
survival makes them hold great potential for devising effective treatment strategies.
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Abstract The last decade witnessed exponential growth in our understanding of 
the role of microRNAs (miRNAs) in cancer. In addition to a clearly defined role in 
cancer initiation and progression, miRNAs are now believed to determine sensitiv-
ity to therapy. The post-genomic era has seen rapid growth in our understanding of 
drug resistance mechanisms at the genomic level including genomic aberrations 
involving miRNA clusters and in the development of targeted therapies. Aberrant 
activity of a single miRNA can influence multiple signaling pathways associated 
with therapeutic response because it can target multiple proteins. Although it is 
difficult to pinpoint a single downstream effector of a miRNA, studies focus-
ing on known oncogenes and tumor suppressors targeted by miRNA as well as 
advanced bioinformatics capabilities have enabled the discovery of integrated 
mRNA–miRNA–protein circuitry in cancer cells that govern multiple aspects of 
cancer including drug sensitivity. These studies have provided evidence for specific 
miRNAs targeting signaling molecules involved in drug transport, drug metabo-
lism, synthesis of ligands for receptors, drug-induced DNA damage response and 
apoptotic pathways, and growth factor receptors/kinases/phosphatases that form the 
backbone of targeted therapies. Extensive knowledge of miRNA expression pattern 
and targets has allowed clinical translation of miRNAs as prognostic and predictive 
markers of therapies. miRNAs expressed in cancer cells govern signaling not only 
in cancer cells but also in neighboring cells and distant organs because they are 
incorporated into secretory microvesicles, remain stable in body fluids, and cross 
plasma membrane or cell–cell junctions. These properties of miRNAs have gener-
ated considerable interest in developing means to restore “normal miRNA patterns” 
in cancer through therapeutic approaches. Indeed, miRNA-based therapies are 
already in phase II clinical trial for hepatitis C infection, confirming feasibility of 
this approach. Therefore, miRNA or miRNA antagomir-based therapies are likely 
the next-revolutionary therapeutic approach to combat cancer.
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1 Introduction

MicroRNA (miRNA) was originally discovered as short noncoding RNAs consist-
ing of 19–25 nucleotides in Caenorhabditis elegans two decades ago [81]. Since 
then, more than 1,000 miRNAs have been identified among various species includ-
ing mammals, and cumulated studies have demonstrated that miRNA plays a crucial 
role in regulation of numerous biological processes including response to therapies 
[73, 75, 147]. Within the past two decades, the number of publications on miRNAs 
has crossed 20,000. There are more than 500 publications on miRNAs and drug 
resistance in PuBMed.

RNA polymerase II transcribes intergenic or intragenic miRNAs as long primary 
transcripts with a hairpin structure (pri-miRNAs) in the nucleus. Most often, intragen-
ic miRNAs are transcribed as part of the transcript corresponding to parental mRNA-
encoding gene. The nuclear RNAse III Dorsa subsequently processes pri-miRNA 
into 70–100-nucleotide-long precursor molecule known as pre-miRNA [82]. Alter-
natively, pre-miRNA can be generated independently of Dorsa through the splicing 
machinery (miRtron pathway) [120]. Through an exportin-5-mediated mechanism, 
the pre-miRNAs are exported to the cytoplasm and then processed into double-strand 
RNA of approximately 22 nucleotides in length by Dicer (a cytoplasmic RNAse III)-
containing protein complex. One of the resulting double miRNA strands is selected 
as a guide strand according to thermodynamic features and the complementary strand 
is degraded to generate single-stranded mature miRNA [56, 67].

Although the specific biological roles have so far been elucidated for only 
a small fraction of identified miRNAs through genomic approaches, the funda-
mental mechanistic mode of miRNA functioning is well established. The mature 
miRNA is incorporated into a molecular group known as RNA-induced silencing 
complex (RISC), and then the miRNA-containing RISC binds to target mRNAs. 
Consequently, mRNA is degraded if there is complete complementarity or fails to 
get translated into protein if there is partial complementarity [56, 67, 73]. Emerg-
ing data suggest that miRNA targeting can also go beyond mRNA to ribonu-
cleoprotein and even the promoter regions of mRNA-encoding genes in a RISC-
independent manner [4, 82]. To date, miRNAs have been computationally pre-
dicted to be able to target > 60 % of the protein-coding genes that are involved in 
development, metabolism, cell proliferation, differentiation, and apoptosis [28]. 
Since these biological processing pathways significantly contribute to cancer pro-
gression and therapeutic response, it is understandable that miRNAs represent an 
important player in the regulation of cancer drug resistance. However, it is often 
difficult to pinpoint proteins downstream of a miRNA that mediate response to 
treatment because of multiple targets of a single miRNA and mRNA-containing 
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sequences that are complementary to multiple miRNAs. Moreover, there are sig-
nificant data demonstrating miRNAs as a part of regulatory loop that maintains 
homeostasis. Therefore, these aspects of miRNA biology and functions have to 
be taken into consideration before labeling an miRNA as a oncomir or a tumor 
suppressor and hence targets for therapy. Figure 16.1 provides an overview of the 
topics that are discussed in this chapter.

2  MicroRNA Deregulation and Response to Therapy: 
Drug Transporters

Cancer therapy has witnessed a myriad of changes over the years including in 
traditional cytotoxic therapies and hormonal therapy. Furthermore, targeted thera-
pies involving different combinations and sequence of administration of drugs 
based on genomic makeup of tumor on a case-by-case basis will likely become a 
common clinical practice. Effective cancer therapy has so far been able to elimi-
nate macroscopic tumor either at primary site or at common distal sites. How-

Fig. 16.1  Schematic view of miRNA targets in drug resistance mechanisms. miRNAs shown to 
participate in drug sensitivity are indicated
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ever, even if showing an impressive response to treatment initially, the majority 
of cancer patients will relapse since small cohorts of tumor cells can survive in 
cryptic anatomic loci and exhibit up to 90 % resistance to one or more therapeutic 
compounds [34, 73]. As such, drug resistance was and still is a major challenge 
in front of cancer treatment.

At present, several mechanisms have been proposed to explain drug resistance to 
chemotherapeutic agents, including deregulated pharmacokinetic processing such 
as decreased intracellular drug concentrations mediated by drug transporters and 
metabolic enzymes. Diminished intracellular drug concentration is often attributed 
to energy-dependent drug efflux mediated via ATP-binding cassette (ABC) trans-
porters, in which P-glycoprotein (P-gp) is one of the classical members encoded 
by the multidrug-resistance 1 (MDR1) gene [38, 73, 141]. It has been reported that 
elevated levels of P-gp is directly correlated with a remarkable decrease of miR-451 
in MCF-7 breast cancer cells resistant to doxorubicin [161]. Furthermore, miR-
451-transfected MCF-7 cells exhibited higher sensitivity to doxorubicin than the 
vector control [72]. Likewise, breast cancer resistance protein (BCRP/ABCG2), 
which is a target of miR-328, shares drug substrates with P-gp [109]. Another group 
of the ABC transporter family termed multidrug resistance-associated proteins 
(MRPs) is involved in processing of glutathione (GSH)-conjugated compounds. 
Interestingly, resistance to cisplatin has been correlated with MRP2-mediated efflux 
of cisplatin–GSH complexes, and miR-489 is currently proposed as a regulator of 
MRP2 [113, 132]. Since miR-451, miR-328, and miR-489 downregulate the levels 
of proteins that pump chemotherapeutics out of cancer cells, one can anticipate lev-
els of these miRNAs to be lower in cancer cells compared to normal cells. Indeed, 
downregulation of miR-451 in breast cancer is associated with endocrine resistance 
[5]. Similarly, miR-489 levels are lower in breast cancer cells that are resistant to 
the antiestrogen tamoxifen [100].

miRNAs can also regulate drug transporters indirectly by targeting transcription 
regulators of drug transporters. For example, peroxisome proliferator-activated re-
ceptor gamma (PPARγ) regulates the expression of ABCG1 [136]. Similarly, liver 
X receptor (LXR) controls the expression of ABCB1 and ABCC1. miR-27a, miR-
27b, and miR-130 target PPARγ [68, 83, 84], whereas miR-613 targets LXRα [106]. 
LXR itself is involved in the expression of ABCA1 through miRNA as it suppresses 
the expression of miR-26, which targets ABCA1. Therefore, a complex interplay 
between miRNAs, drug transporters, and transcription regulators of drug transport-
ers will ultimately determine drug availability in a tumor cell. Consequently, it is a 
combination of miRNAs but not a single miRNA’s influence therapeutic response. 
To aid in the process of determining significance of overexpression or underex-
pression of multiple miRNAs in cancer, we have recently developed an online tool 
to evaluate prognostic relevance of miRNAs in multiple cancers [37]. Such tools 
may help in treatment decisions in future, and drugs that are subject to drug efflux 
pumps-mediated exclusion can be avoided based on miRNA expression pattern in 
tumors.
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3  MicroRNAs and Enzymes Involved in Metabolizing 
Drugs and Synthesis of Ligands

Besides drug transporter molecules, enzymes involved in metabolic clearance of 
drugs can influence sensitivity to therapeutic molecules. Rapid drug metabolism 
resulting from miRNA-driven enzyme induction is correlated with decreased re-
sponse to cancer treatment. For example, downregulation of miR-27 is linked to 
higher cytochrome P450 enzymes (CYP1B1/CYP3A4) and consequently enhanced 
doxorubicin metabolism [54, 72, 73]. Similarly, PPARα is an important transcrip-
tion factor that regulates the expression of genes encoding xenobiotic and lipid-
metabolizing enzymes, androstane receptor, CYP3A, and CYP2C [123]. miR-21 
and miR-27b negatively regulate PPARα expression [66]. Therefore, miR-21 and 
miR-27b levels in tumors can influence the rate at which cancer cells clear drugs.

miRNAs can also play a role in controlling the expression levels of enzymes 
that provide active ligands to signaling pathway molecules. For example, aromatase 
(CYP19A1) converts testosterone to estrogen in postmenopausal women and drives 
the growth of estrogen receptor (ER)-positive breast cancers. Therefore, aromatase 
inhibitors are the standard breast cancer therapy. Elevated aromatase expression 
due to miRNA deregulation can potentially contribute to resistance to aromatase in-
hibitors. In this respect, miR-378 and miR-98 have been shown to target CYP19A1 
[153]. Similarly, miR-200a controls progesterone receptor activity by regulating 
the expression of progesterone-metabolizing enzyme 20α-hydroxysteroid dehy-
drogenase (20α-HD) [148]. miR-200a directly represses STAT5a, a transcriptional 
repressor of 20α-HD, which leads to elevated 20α-HD levels, diminished progester-
one levels, and reduced progesterone receptor activity.

4 miRNAs and Signaling Molecules of Targeted Therapy

In contemporary therapeutics of oncology, targeted treatment has been hailed as 
a major breakthrough and has been heralded as one of the successful outcomes of 
human genome project. Genomic imprints of tumors obtained through next-gen-
eration sequencing have allowed identification of driver mutations in cancers and 
development of molecules that selectively target genomic aberrations unique to the 
tumor, thereby minimizing side effects to normal tissues. Imatinib (Gleevec) is the 
first successful targeted therapy as it inhibits kinase activity of break point clus-
ter–Abelson (BCR-ABL) fusion kinase that is expressed in chronic myeloid leuke-
mia. Resistance to imatinib is associated with deregulated miRNAs. For example, 
19-miRNA expression profile has been shown to predict response to imatinib [124]. 
Similarly, miR-138 is described as a predictor of response to imatinib as it represses 
BCR-ABL expression. Autophagy is a mechanism of imatinib resistance and miR-
30a has been shown to enhance sensitivity to imatinib by blocking autophagy ma-
chinery [155].
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ER is one of the oldest molecules of targeted therapy; Cole et al. first published 
in 1971 the use of tamoxifen as an antiestrogen to block the activity of ER in breast 
cancer [19]. More than 70 % of breast cancers express ER and tamoxifen has been 
effective in reducing recurrence of these tumors. Response of tumors to tamox-
ifen is dependent on the expression and activity of ER. Only those tumors that 
are dependent on estrogen working through ERα respond to tamoxifen. miR-101, 
miR-206, and miR-221/222 repress ER expression, and overexpression of these 
miRNAs is associated with resistance to antiestrogens [116]. This miRNA cluster 
is upregulated in ERα-negative breast cancer [71]. We and others have shown that 
estrogen-ERα-miRNAs form a regulatory loop where E2:ERα induces the expres-
sion of several miRNAs, which in turn regulate ERα levels or the levels of down-
stream effectors of ERα [6, 11].

The transcription coregulator AIB1 (also called SRC-3 or NCOA3), which is 
essential for transactivation by multiple transcription factors including ERα, is am-
plified or overexpressed in several cancers [92]. Co-overexpression/amplification 
of AIB1 and ERBB2 oncogene in ERα-positive breast cancer is associated with 
poor response to antiestrogens [105]. miR-206 targets not only ERα but also AIB1 
[1]. Similarly, miR-17-5p regulates AIB1 levels [46]. miR-346 targets the receptor-
interacting protein 140 (RIP140), a transcriptional corepressor downregulated in 
endocrine-resistant cell lines, and is required for E2-mediated repression of genes 
[139]. Collectively, miRNAs that regulate the expression of ERα and its co-regula-
tory molecules as well as miRNAs induced/repressed by E2 can influence response 
to antiestrogens. Unfortunately, these miRNAs cannot be exploited as therapeutic 
targets as a recent large-scale miRNA profiling of ERα-positive breast tumors failed 
to identify a specific set of miRNAs that can predict response to tamoxifen treat-
ment [94].

The pathways of epidermal growth factor receptor (EGFR) or/and human epi-
dermal growth factor 2 (ERBB2, also called HER2) are major therapeutic targets 
in modern oncology. Overexpression, mutational activation, and/or amplification of 
genes in EGFR/HER2 pathways are frequently observed in multiple cancers [52]. 
Several antibodies and small molecule inhibitors have been developed to inhibit 
EGFR/HER2 signaling cascade and have already delivered clinical benefits to can-
cer patients. Nevertheless, more than 50 % of cancer patients who receive EGFR/
HER2-targeted therapies eventually fail to respond due to comprehensive drug 
resistance mechanisms including continued overexpression of the drug target and 
activation/mutation of downstream kinases/phosphatases [73, 115]. For example, 
PI3K/AKT/PTEN (phosphatidylinositide 3-kinase/protein kinase B/phosphatase 
and tensin homolog) pathway is one of the major effectors of EGFR/HER2 [52]. 
This pathway is frequently mutated in cancer and multiple miRNAs target this path-
way. HER3, a dimerizing partner of HER2, is often upregulated in cells resistant to 
EGFR- and HER2-targeted therapies [126]. In general, resistance mechanisms to 
anticancer kinase inhibitors involve growth factor-driven activation of redundant 
growth factor receptors [149]. Therefore, resistance to EGFR/HER2-targeted thera-
pies may involve multiple miRNAs that target EGFR/HER2, their downstream ef-
fectors, and other growth factor receptors that can activate downstream effectors of 
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EGFR/HER2. For example, miR-7 and miR-331-3p directly regulate the expression 
of EGFR and HER2, respectively [35]. miR-205 regulates HER3 expression [57]. 
miR-21 upregulation is associated with resistance to trastuzumab, a HER2-targeted 
therapy [36].

Multiple miRNAs have been shown to target PTEN, a tumor suppressor that 
negatively regulates PI3K/AKT pathway. miR-21, miR-221, miR-222, miR-301, 
miR-93, miR-214, miR-19, and miR-17-92 cluster target PTEN either directly or 
indirectly [32, 117, 130]. Elevated expression of any of these miRNAs in cancer can 
potentially dampen the effects of EGFR/HER2-targeted therapies by elevating basal 
PI3K/AKT activity levels. Downregulation of specific miRNAs can also contribute 
to drug resistance. For example, reduced expression of miR-22 leads to resistance to 
paclitaxel in cancer cells with p53 mutation, which correlates with lower PTEN lev-
els [87]. Interestingly, we reported specific downregulation of miR-22 in metastatic 
cancer cells compared to parental tumor cells, which provides an explanation for 
resistance of metastatic tumors to therapies [110]. Apart from PI3K/AKT/PTEN, 
miRNAs targeting Ras pathway can influence response to EGFR-based therapies. 
For example, KRAS-interacting miR-143, which is frequently downregulated in 
colorectal cancer, may influence sensitivity to 5-fluorouracil (5-FU) and outcomes 
of EGFR-targeted agents. A significant lower progression-free rate upon anti-EGFR 
treatment was observed in the cancer patients with miR-143 downregulation [112].

The signal-induced latent transcription factors such as nuclear factor kappa B 
(NF-κB) and signal transducer and activator of transcription 3 (STAT3) are con-
sidered to play a major role in therapeutic resistance. Inhibitor-of-kappa B (IκB) 
sequesters NF-κB in the cytoplasm of a normal cell and growth factor- or cytokine-
induced phosphorylation and degradation of IκB lead to nuclear translocation of 
NF-κB. A number of groups including our group have shown constitutive activation 
of NF-κB in cancer and activated NF-κB contributing to chemoresistance [62, 103]. 
More than 300 publications report an association between NF-κB and miRNA sig-
naling. miRNAs acting either upstream or downstream of NF-κB have been shown 
modulate response to therapy. For example, miR-30e* suppresses the expression 
of IκBα to increase NF-κB activity [59]. miR-182 increases NF-κB activity by tar-
geting cylindromatosis (CYLD), an NF-κB-negative regulator [133]. NF-κB/miR-
448 autoregulatory loop has been shown to be involved in chemotherapy-induced 
epithelial-to-mesenchymal transition (EMT) and tumor progression. We had dem-
onstrated NF-κB inducing the expression of zinc finger E-box binding homeobox 
1 (ZEB1) and ZEB2, which are the major negative regulators of miR-200 family 
miRNAs with antitumor and chemosensitizing activities [15, 43, 86]. NF-κB is in-
volved in induction of multiple miRNAs including miR-146, miR-143, miR-21, 
and miR-301a and repression of miR-29 and Let-7 [95]. Although NF-κB-mediated 
resistance to chemotherapy was initially thought to be due to NF-κB-dependent 
expression of anti-apoptotic proteins such as cIAP-1 and cIAP-2 [42, 74], miRNAs 
playing a role in NF-κB-mediated chemoresistance is another possibility.

STAT3 is another signal-activated transcription factor involved in chemoresis-
tance and is a major transcription factor in the miRNA circuitry. miR-337-3p in-
creases taxane sensitivity by targeting STAT3 [26]. Similarly, miR-9 reduces STAT3 
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levels and prevents mesenchymal differentiation of glioblastoma [69]. STAT3 in-
creases the expression of miRNAs such as miR-21, miR-17, miR-181b, and miR-
19a [156]. STAT3 also suppresses the expression of miR-200c, which plays a role 
in chemosensitivity [119]. STAT3-induced miR-17 plays a role in conferring re-
sistance to MEK inhibitors by blocking the expression of pro-apoptotic BIM [21]. 
Thus, miRNAs that regulate and are regulated by STAT3 can potentially influence 
sensitivity to chemotherapy.

Hypoxia plays a significant role in determining sensitivity to chemotherapy. Apart 
from limited access to drugs due to limited blood supply, hypoxia-induced signals 
directly confer resistance to chemotherapy. The hypoxia-inducible transcription factor 
1 (HIF1) transcriptionally upregulates oncogenic miR-210, which has multiple roles 
in cancer including chemoresistance [12]. For example, elevated circulating miR-210 
levels correlate with resistance to trastuzumab therapy in breast cancer [60].

5 miRNA in Pro-Survival Response

Tumor growth is characterized by increased cell proliferation or/and diminished 
apoptosis. Many cytotoxic drugs such as doxorubicin and cisplatin exert their an-
titumor efficacy by damaging the genetic material of cells and then suppressing 
the capability of cancer cells to divide. Upon exposure to chemotherapeutic drugs, 
several cellular/molecular responses are activated including those involved in cell 
cycle, apoptosis, DNA repair, and epigenetic regulation. Cell death occurs when 
damage exceeds the cellular repair capabilities. Although the pro- and antigrowth 
programs are finely tuned and delicately balanced by miRNAs in normal cells, ge-
nomic abnormalities in cancer cells may shift the balance toward cell survival.

Cyclin-dependent kinases (CDKs) control cell cycle progression and are sub-
jected to modulation by the tumor suppressors such as retinoblastoma protein and 
p53. Normally, p53 is able to detect DNA damage and then suppresses CDKs to 
halt cell cycle progression through activation of CDK inhibitors such as p21. Loss 
or mutation in p53 has been linked to diminished sensitivity to DNA damage and 
enhanced drug resistance [85]. One underlying mechanism of lower p53 in can-
cer cell is the upregulation of miR-125, which binds to the 3′-untranslated region 
(UTR) of p53 gene and blocks translation in cells that are resistant to doxorubicin 
[72, 79]. miR-17-92 cluster, which includes miR-17/20a, can also reduce overall 
p53 activity by targeting p21 [45]. As p21 normally interacts with CDK2 to pre-
vent cells from entering the S-phase, loss of p21 enables cancer cells to progress 
through the cell cycle with DNA damage. In addition, the G1/S checkpoint is af-
fected by several other miRNAs dysregulated in drug-resistant cancers, which in-
clude miRNA-221/222/214 targeting PTEN and miRNA-16/29/34 targeting CDK6 
[72, 88, 91, 113].

Selective CDK4/6 inhibitor PD0332991 has shown clinical promise and is cur-
rently under phase I/II studies in multiple cancers including breast cancer [31]. 
Since these studies are in an early phase, it is not known whether resistance to 
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this drug will eventually be observed. Nonetheless, miRNAs that target CDK4/6, 
p21, p27, and downstream effectors such as retinoblastoma protein and E2F fam-
ily transcription factors will likely determine response to this targeted therapy. For 
example, miR-302 inhibits tumorigenicity by targeting CDK4/6 [89]. miR-302–367 
cluster has been shown to have a tumor suppressor activity in glioma, cervical can-
cer, and sensitize breast cancer cells to radiation therapy [30]. Therefore, tumors 
with lower levels of miR-302 may show resistance to PD0332991.

Programmed cell death plays an important role in maintaining tissue homeo-
stasis and diminished apoptosis is one of the hallmarks of cancer cells. Antican-
cer cytotoxic drugs are designed to reactivate apoptotic pathways by suppress-
ing pro-survival signals such as MAPK/AKT. Several miRNAs, including miR-
NA-205/214/221/222, target PTEN which serves as a negative regulator of AKT, 
and their upregulation has been linked to DNA-damaging drug resistance [32, 40, 
73]. Furthermore, as key downstream processors of AKT pathway, BCL2 protein 
family members are associated with miRNA-mediated drug resistance. Down-
regulation of miRNA-15/16/21/34 leads to elevated BCL2 levels and resistance 
to apoptosis-inducing compounds [16]. BCL2 family member MCL-1 has gained 
considerable attention lately for its role in drug resistance including resistance to 
BCL2 inhibitor ABT-263 [76]. miR-193b, miR-181, miR-125b, miR-101, and miR-
29 target MCL-1 [13, 134, 145]. Bcl-xL, another BCL2 family member, also plays 
a significant role in chemoresistance. Let-7 family of miRNAs regulates Bcl-xL 
expression [131]. In this context, let-7 family members are frequently expressed at 
a lower level in tumors that are resistant to chemotherapy [135]. Furthermore, high 
let-7a level is associated with better response to EGFR-targeted therapies in colon 
cancer patients [121]. In addition, let-7a levels can be used as a marker for selecting 
ovarian cancer patients for paclitaxel- or cisplatin-based therapy [121]. However, a 
miRNA may not always function as an anti-apoptotic or pro-apoptotic miRNA in all 
cancers because the same miRNA can target both pro- and anti-apoptotic proteins. 
For example, although let-7 reduces anti-apoptotic Bcl-xL, it also targets caspase-3, 
the common effector of apoptotic signaling cascade. In this context, let-7 is upregu-
lated in cyclophosphamide-resistant breast cancer [73, 140]. Similarly, miR-205 
targets both oncogenic HER3 and the tumor suppressor PTEN [40, 57]. Further-
more, miRNA-145/155 has been shown to inhibit caspase-3 activity and prevent 
apoptosis in certain cancers [107]. However, miR-145 also has a pro-apoptotic role 
as a part of MDM2-p53 feedback loop [157].

Basal and drug-induced DNA repair activity in cancer cells plays a substantial 
role in resistance to genotoxic drugs such as alkylating agent, platinum compounds, 
and topoisomerase inhibitors. In this regard, enhanced nucleotide excision repair 
(NER) function protects cancer cells from drug-induced DNA damage. Further-
more, decrease in miR-373, a negative regulator of NER repair protein RAD23B, 
can augment DNA repair and in turn survival [118, 151]. Although efficient DNA 
repair activity mostly favors drug resistance, too little DNA repair activity is not 
always associated with favorable response to therapy. Single-base mispairs or DNA 
loop mismatch triggered by the drug treatment are normally removed through mis-
match repair (MMR) mechanism, and defects in MMR facilitate drug resistance 
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since mutations contribute to selecting more progressive malignant cells. In agree-
ment with the note, abnormal expression of miR-21 and miR-141, which target 
two key components in MMR pathway, has been reported in drug-resistant cancer 
cell lines [143]. Additionally, variants of pri-miR-17 have been linked to reduced 
apoptotic response to therapeutic compounds in tumors with defects in breast can-
cer 1 (BRCA1), a major player in the repair of double-strand breaks and interstrand 
cross-links [128, 151].

In addition to various genetic alterations such as DNA mutations and copy 
number variations, epigenetic changes have emerged as significant contributors to 
cancer progression and drug resistance. Aberrant DNA methylation represents an 
epigenetic hallmark in tumor pathogenesis, and DNA methyltransferases (DNMTs) 
have been linked to cancer-specific DNA methylation. A number of DNMT inhibi-
tors are in clinical use, particularly for hematologic malignancies and ovarian can-
cer. For example, decitabine has shown clinical activity in ovarian cancer and acute 
myeloid leukemia (AML) [61, 97]. miRNAs can potentially play a role in determin-
ing sensitivity to DNMT inhibitors. Recently, miR-29 and miR-148 were reported 
to play a role in upregulation of DNMTs in drug-resistant cancer cells [27, 29]. 
In addition, miR-132 and miR-194, which target methyl-binding protein MeCP2, 
were also elevated in cancer cells resistant to cisplatin and doxorubicin [72, 113]. In 
some instances, enhanced DNMT activity itself is responsible for downregulation 
of miRNAs in cancer, which can be reversed by DNMT inhibitors. For example, 
miR-9-3 and miR-193a are epigenetically silenced in small cell lung cancer, which 
can be reversed by DNMT inhibitors [44].

Cancer-associated epigenetic state can result from alterations in chromatin struc-
ture due to histone modification, which is mediated by chromatin-modifying en-
zymes such as histone acetyltransferases, histone deacetylases (HDAC), histone 
methyltransferases, and histone demethylases [24]. A wide array of miRNAs regu-
lates the expression of these enzymes and differential expression of miRNAs tar-
geting these enzymes in cancer cells has been observed [72, 113, 122]. The most 
prominent among them is miR-101, which targets histone methyltransferase EZH2 
[144]. Genomic loss of miR-101 leading to upregulation of EZH2 is observed in 
prostate cancer. As inhibitors of EZH2 are just about to enter clinic, emergence of 
resistance to such drugs through miRNAs is a possibility [98]. miRNAs may play a 
similar role in determining sensitivity to clinically used HDAC inhibitors as these 
inhibitors significantly alter the expression of anti-apoptotic and pro-apoptotic mol-
ecules such as MCL-1, BIM, BMF, and NOXA [150].

6  miRNAs in Cancer Stem Cells and Tumor 
Microenvironment

A tumor in an organ represents a health disorder with heterogeneous morphology, 
molecular profiles, and therapeutic sensitivity [3, 111]. The current evidence in-
dicates that within malignant tissues’ heterogeneous population of cancer cells, a 
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minor portion of cells embody all the properties of a tumor including resistance to 
chemotherapy and these cells are termed as cancer stem cells (CSCs) or tumor-ini-
tiating cells. CSCs are thought to be the core subset being capable of self-renewal, 
undergo differentiation, and generate heterogeneous tumor cells [18, 104]. Inter-
estingly, miRNAs have been shown to regulate the major functional mediators of 
CSCs.

Since CSCs demonstrate reactivation of signaling pathways that control the em-
bryonic and somatic stem cells, the studies on CSCs have been greatly inspired by 
the knowledge of normal stem cells. It was observed that mice deficient in Dicer-1, 
a cytoplasmic mediator in miRNA-generating machinery, died early in develop-
ment due to diminished miRNAs and stem cells [25]. Conversely, miR-145 targets 
the pluripotency factors including OCT4, sex determining region Y-box 2 (SOX2), 
and KLF4. miR-145 inhibits the expression of pluripotency genes, and thereby the 
stem cell’s self-renewal, and promotes lineage-restricted differentiation. Deficiency 
in miR-145 upregulates the expression of these pluripotency factors and suppresses 
differentiation [152]. Furthermore, miRNAs are involved in tissue specificity com-
mitment. Co-transcription of miR-145 and miR-143 was observed in multipotent 
cardiac progenitors before being localized to smooth muscle cells. In addition, miR-
106b-25 cluster and miR-204 regulate neuronal stem cell and mesenchymal pro-
genitor, respectively [22], and overexpression of miR-106b-25 cluster in prostate 
cancer is associated with poor outcome [48]. Interestingly, the expression of miR-
143 and miR-145 is downregulated in several cancers and this downregulation may 
potentially lead to increased CSCs and resistance to therapy [47]. Similar to miR-
143 and miR-145, Let 7 and miR-200 family members have been shown to exhibit 
differentiation-promoting and anti-CSC properties in a variety of cancers [53, 114].

Several fundamental pathways associated with self-renewal and asymmetric di-
vision of embryonic stem cells are reactivated in CSCs, including Notch, Hedge-
hog, and Wnt/β-catenin signaling cascades [25]. Differential miRNA profiles be-
tween normal stem cells and CSCs have been reported and few of the differentially 
expressed miRNAs target the above three pathways [90]. miR-199b-5p suppresses 
the expression of HES1, a transcriptional factor downstream of Notch pathway, and 
its expression is reduced in metastatic cancers [33]. In contrast, miR-17-92 cluster 
is strikingly upregulated in lung cancer and functions as an oncogene via activating 
sonic hedgehog signaling [142]. Additionally, miR-135, which is highly expressed 
in colorectal tumors, functions as an oncogene by targeting the adenomatous pol-
yposis coli (APC). Loss of APC leads to elevated β-catenin accumulation and en-
hanced self-renewal of CSCs [102]. In this regard, several miRNAs modulate and 
are modulated by Wnt signaling network in stem cells including CSCs [55, 159].

During tumor progression, cancer cells shift their epithelial phenotype to a more 
aggressive mesenchymal phenotype, which is termed EMT. EMT has been linked 
to cancer metastasis, drug resistance, and poor clinical outcomes due to shift in 
metabolic and signaling pathways [3, 138]. Cells that have undergone EMT share 
some of the properties of CSCs, as measured by tumor-generating capacity, sphere 
formation, and cell surface marker profile [41, 129, 137]. For example, in breast 
cancer, induction of EMT simultaneously converts the tumor cells into the CD44+/
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CD24− CSC population [96]. Transforming growth factor beta (TGFβ), RAS, and 
Wnt signaling activities as well as various transcription factors in the EMT pathway 
can induce CSC [7, 96]. TGFβ activates downstream mediators of EMT through up-
regulation of miR-21 and miR-155 [8]. TGFβ also reduces E-cadherin levels, a hall-
mark of EMT, by inducing ZEB1 and ZEB2. ZEB1 and ZEB2 contribute to EMT by 
downregulating miR-200 family miRNAs [10]. In summation, miRNA–EMT nexus 
contributes to therapeutic resistance by enhancing CSC phenotype of cancer cells.

miRNAs not only function in cells that express them but also can influence gene 
expression in heterotypic cells as microvesicles/exosomes secreted by cells contain 
miRNAs, which are delivered to heterotypic cells. Consequently, miRNA expres-
sion pattern in tumor cells can influence tumor microenvironment and response to 
therapy. For example, tumor-secreted miR-9 activates JAK/STAT pathway in endo-
thelial cells and promotes angiogenesis [160]. miRNAs secreted by macrophages 
enter cancer cells and change invasive behavior [154]. miRNAs released by cancer 
cells create metastatic niche in distant organs [39]. Overall, miRNAs in the cancer-
derived microvesicles play vital roles in tumor invasion, metastasis, inflammation, 
self-renewal, and drug sensitivity.

7 miRNAs as Biomarkers of Therapeutic Response

Considering a wide range of effects attributed to miRNAs, it is not surprising that 
significant efforts have been placed to develop miRNAs as biomarkers. Tumor bio-
markers are used to predict cancer status and therapeutic efficacy [49, 65]. Gene ex-
pression profiling analyses are increasingly being translated into prognostic/predic-
tive tools for various tumor types in clinical settings and such analyses have already 
delivered comprehensive information on effective chemotherapy regimes [10, 
108]. However, gene expression profiling studies are usually done with tumor tis-
sues rather than body fluids and mRNA is significantly degraded in formalin-fixed 
paraffin-embedded (FFPE) tissues. In this regard, emerging miRNA assays open a 
new gateway for the biomarker world and hold the strength to solve challenging is-
sues in the evaluation of cancer therapeutic response. It has been demonstrated that 
miRNAs are stable in FFPE tissues and are detectable in body fluids such as blood 
[14, 49]. Therefore, miRNA assays are likely superior to gene expression arrays in 
clinical setting. Indeed, miRNA profiling has been reported to generate more ac-
curate information about tumor classification than cDNA arrays [50]. Interestingly, 
certain miRNAs have been proposed to predict the sensitivity of tumor cells to 
anticancer compounds, and thereby clinical outcomes. In particular, upregulation of 
miRNA-21 was found to play a role in mediating resistance to anti-HER2 therapy in 
breast cancer [36]. Likewise, let-7g and miR-181b miRNAs are significantly linked 
to 5-FU response in colorectal cancer cells [50]. In addition, let-7 levels predict 
response to cisplatin therapy in esophageal squamous cell carcinoma [135]. In con-
trast, downregulation of miR-21 and miR-200b enhanced sensitivity to gemcitabine 
in pancreatic cancer cells [146].
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Since the first detection in the serum of the patients with B-cell lymphoma and 
other cancers in 2008 [78, 101], extracellular miRNAs have emerged as minimally 
invasive biomarkers of cancer progression and therapeutic response [125]. Impres-
sively, miRNAs in body fluids are stable under tough conditions such as boiling, 
low/high pH, and survive well through multiple freeze–thaw cycles [9, 20]. There is 
convincing evidence for differential levels of specific miRNAs in the serum/plasma 
of cancer patients and normal controls [14, 20]. Serum miRNA profiling was shown 
to hold much higher sensitivity than traditional CA125 screening in early detection 
of ovarian cancer [9]. Persistent elevation of small RNA U6 was observed in the se-
rum of breast cancer patients with or without active disease [2]. Furthermore, body 
fluid miRNAs can be utilized to predict/monitor therapeutic response of cancer. For 
example, increased serum miR-21 levels have been linked to docetaxel resistance 
in patients with castration-resistant prostate cancer [20]. This field is still in infancy 
and much more progress is expected in the coming years.

8 miRNA Therapy

miRNA as a therapy is emerging as one of the key branches of gene therapy, which 
hits disease targets through manipulating genetic materials (DNA or RNA). The 
concept of gene therapy was conceived four decades ago and the first human trial 
was practiced on a 4-year-old child with a genetic immune disorder termed se-
vere combined immunodeficiency (SCID) in1990. Although being challenged by 
host immune response and molecular delivering issues, gene therapy is achieving 
some clinical success [64, 80]. The US Food and Drug Administration has already 
approved two RNA-based therapies: an antisense drug fomivirsen for cytomega-
lovirus-induced retinitis and an RNA aptamer pegaptanib for age-related macular 
degeneration [63, 70]. Being much smaller in molecular size than protein-coding 
genes and more effective in hitting the target than antisense approach, miRNAs are 
less likely to induce harmful immune response and have higher pharmacological 
potency as well as therapeutic efficacy [70]. Several RNA-based therapies are cur-
rently being tested in cancer patients [23]. Recent exciting progresses in selective 
drug delivery technologies such as miRNAs conjugated with a single-chain frag-
mented antibody targeting tumor cells and a positively charged peptide binding to 
RNA will likely accelerate clinical development of miRNA-based therapies [127].

Although miRNAs as a single agent may not prove to be effective in cancer 
therapy, it is conceivable that therapeutic miRNAs sensitize tumor cells to chemo-
therapy. Multidrug resistance is due to overexpression of ABC family transport-
ers. Stem cell-enriched transcription factor SOX2 regulates the expression of these 
transporters [58]. SOX2 is a direct target of miR-9*. Overexpression of miR-9* in a 
chemotherapy-resistant glioma stem cell line inhibited SOX2 expression and in turn 
restored drug sensitivity [58]. Tamoxifen resistance is linked to enhanced expres-
sion of anti-apoptotic BCL2 protein resulting from decreased miR-15/16, and, ac-
cordingly, restoration of these miRNAs resensitized breast cancer cell to tamoxifen 
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[17]. miR-126 targets RAS and PI3K pathways and thereby sensitizes resistant lung 
cancer cells to Gefitinib (EGFR inhibitor) [158]. miR-31, which regulates 13 DNA 
repair-related genes and is significantly diminished in radio-resistant tumor cells, 
has been proposed as both a functional biomarker to predict response and a potential 
agent to improve the therapeutic efficacy of radiation [93]. In some instances, an-
tagomirs can be used to sensitize cancer cells to chemotherapy. For example, resis-
tance to 5-FU involves miR-21-dependent downregulation of core mismatch repair 
mutator genes, which could be reversed by miR-21 antagomirs [51, 99]. Antagonists 
of miR-122 are in phase II study for hepatitis C infection after successful preclinical 
studies in primates [77]. miRNA therapeutics has miR-34 and let-7 miRNAs in the 
preclinical stage for cancer. With improved nucleic acid chemistry, encapsulation, 
and targeting strategies, it will not be a surprise if miRNAs or miRNA antagomirs 
will become major weapons to contain or eliminate cancer within a decade.
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Abstract In recent years, the knowledge about the control of tumor microenviron-
ment has increased and emerged as an important player in tumorigenesis. The role 
of normal stromal cells in the tumor cells initiation and development has brought 
our vision to the forefront of cell-to-cell communication. In this chapter, we focus 
on the novel mechanism of communication between stromal and tumor cells, which 
is based on the exchange of microvesicles. We describe several, ever-growing 
pieces of evidence that microvesicles transfer messages through their lipid, protein, 
or nucleic acid contents. microRNA exchange is emerging as a key player in this 
communication. A better understanding of this sophisticated method of communica-
tion between normal and cancerous cells may lead to developing novel, innovative 
approaches for cancer diagnostics and personalized therapy.

Keywords Tumor microenvironment · Mesenchymal stem cells · Stromal cells · 
Exosomes · Microvesicles · Cellular crosstalk · miRNA · ceRNA · Breast cancer · 
Metastasis

The tumor microenvironment includes normal cells surrounding the tumor, which 
is composed of an extracellular matrix (ECM) and numerous stromal cell types, 
including endothelial and inflammatory immune cells, fibroblasts, adipocytes, and 
tumor-associated vasculature [1]. Tumor malignancy is highly dependent on inter-
actions between tumor cells and the tumor microenvironment [2]. In the last decade, 
the knowledge about the control of tumor microenvironment has become as impor-
tant as that of the cancer cells. The cellular and molecular components of the tumor 
microenvironment contribute to tumor growth and progression, including invasion, 
metastasis, and angiogenesis [3–5]. Studies on comprehensive gene expression and 
genomic profile study of epithelial, myoepithelial, and stromal cells have revealed 
diverse microenvironments between normal breast tissue and breast carcinomas 
[6, 7]. Stromal elements secrete chemokines, which act as paracrine factors that 
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could induce ECM remodeling and enhance tumor cell proliferation and invasion 
[8, 9]. An example of paracrine mechanisms using tumor myoepithelial cells and 
myofibroblasts is the overexpression of CXCL14 and CXCL12, respectively. These 
bind to currently unidentified receptors on epithelial cells and enhance prolifera-
tion, migration, and invasion [8].

Tumor stroma is also known to associate with therapeutic resistance and 
relapse—a main reason for breast cancer treatment failure [10, 11]. A major com-
ponent of tumor stroma is cancer-associated fibroblasts (CAFs), which play a role 
in the chemotherapy resistance by secreting collagen type I that reduces the drug 
uptake in tumors [12, 13]. One mechanism that tumor cells use for relapse is tumor 
dormancy due to failed neovascularization [14, 15]. The balance in expression of 
vascular endothelial growth factor (VEGF) and thrombospondin 1 (Tsp-1) by tumor 
stroma dictates the dormant state of the tumor cells [16]. In this chapter, various as-
pects of stromal support in tumors will be addressed with a focus on microvesicular  
mechanism of communication between stromal and tumor cells.

1 Factors Affecting Stromal Support

According to the soil and seed hypothesis, the cancerous cell must be in the right 
stroma to establish a niche and form a tumor [17]. Therefore, it is obvious that 
the soil, which in most cases is the stromal layer, supports tumor initiation and 
establishment. Supporting this hypothesis, various reports showed that the cross 
talk between cells within the tumor and associated stromal cells plays a major role 
in tumor initiation, progression, and metastasis [18]. Tumor cells in the process of 
establishing a supportive microenvironment for their progression secrete various 
cytokines, which includes basic fibroblast growth factor (bFGF), VEGF, platelet-
derived growth factor (PDGF), epidermal growth factor receptor (EGFR) ligands, 
interleukins, colony-stimulating factors, transforming growth factor (TGFβ), and 
CXCL12/SDF-1 [19–22]. These cytokines modulate the tumor-associated stro-
mal cells in a paracrine manner that results in angiogenesis [23] and inflammatory 
responses [24].

Physiological conditions such as nutrient deprivation and hypoxia are other 
critical factors of the tumor microenvironment that modulate tumor cell behavior. 
The regulation of these extrinsic factors is studied extensively and is attributed to 
expression of specific factors. For example, various hypoxia-induced growth fac-
tors (HIFs) secreted by tumor and stromal cells in response to hypoxia dictate the 
tumorigenic potential of HIFs [25]. HIF1α is essential for the proliferation, survival, 
and angiogenesis of both cancer cells and stromal cells [26]. Activation of the HIF1α 
pathway along with nuclear factor-kappa B (NFκB) in CAFs is shown to be involved 
in altering the metabolism of breast tumors [27]. HIF-1α and HIF-2α have antago-
nistic effects on nitric oxide production [28]. Several studies have shown that CAFs 
originate from mesenchymal stem cells (MSCs) [29–31]. Similarly, autophagy in-
duced by nutrient deprivation—a phenomenon observed in rapidly growing tumor 
stroma—is shown to have both tumor-enhancing and tumor-inhibitory effects [32]. 



32917 Microvesicular Transfer of MicroRNA in Tumor Microenvironment

Autophagy in stromal cells was found to be tumor supportive when MSCs were 
used as stromal cells for breast cancers. In that study, MSCs were shown to survive 
by autophagy; the induced paracrine signaling was shown to be epigenetically regu-
lated by serum deprivation [33–36].

2 Cellular Cross Talk in Tumor

An important factor in the support of the tumor microenvironment is the cell–cell 
communication between stromal cells and transformed cancer cells. The role of 
gap junctions in transport of cellular communicators [37] and juxtacrine regulation 
based on direct communication is well documented [38, 39]. Recently, Tsuyada 
et al. [40] demonstrated the cancer–stroma signaling circuit, in which breast cancer 
cells stimulate the expression of chemokine CCL2 in normal fibroblasts that become 
CAFs, which in turn stimulates the stemness of breast cancer cells constituting the 
cancer–stroma–cancer signaling circuit [8, 41].

One mechanism of communication between tumor and stromal cells is based 
on the exchange of microvesicles. Microvesicles are described to be exchanged 
between breast cancer cells and stromal cells [42, 43]. They are recognized as being 
involved in regulating a variety of extracellular signals and paracrine signaling [44, 
45], including breast cancer invasiveness [46, 47]. A dynamic interaction between 
stromal cells, cancer cells, and the tumor microenvironment facilitates tumor pro-
gression (Fig. 17.1).

3 Microvesicles and Cancer

Cells are able to communicate with each other through the exchange of mobile, se-
creted cell membrane fragments known as microvesicles (MVs) in the extracellular 
space [48, 49]. MVs were first regarded as cellular debris [49–53] but starting in 
the late 1970s, studies began to show the presence and the secretion of MVs in both 
normal and cancer cells [54–57]. A correlation between elevated blood MV levels in 
cancer patients [58–60] and other studies has implicated MVs as potential diagnosis 
markers for cancer [61]. This has shifted recent research to focus on whether MVs 
play a supportive role in cancer pathology, including effects associated with cancer 
initiation, progression, angiogenesis, and metastasis [62].

The word “microvesicle (MV)” is actually a generic term that refers to a series 
of membrane-bound organelles, which are commonly distinguished by their size 
range. More specific nomenclature for MVs include exosomes (40–100 nm diam-
eter), ectosomes (50–1,000 nm) [63], and apoptotic bodies (50–5,000 nm) [64]. 
There are problems establishing a standard terminology in this field of research [62] 
that have led to uncommon words such as “microparticles,” [64] “endosomes,” [62] 
and even organ-specific classifications such as “prostasomes” [65] (Table 17.1) 
used in the literature. Any discrepancies between the characteristics of specific 
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types of MVs are largely subject to debate, mainly due to the way these organelles 
are isolated (e.g., ultracentrifugation, use of a sucrose gradient, by biological mark-
ers) [66], the precise context of study, or vesicle-specific properties [62]. For the 
purpose of this chapter, MV will be used for all organelles in this general category 
between 40 and 1,000 nm in diameter unless explicitly noted.

K. C. Vallabhaneni et al.

Fig. 17.1  Schematic to show cellular crosstalk in tumors: a Exosomes are generated through 
invagination of the cellular membrane, resulting in the formation of microvesicles (MVs) that con-
tain proteins, mRNA, and miRNA from cytoplasm. b Exosomes are released through exocytosis 
when MVs fuse with the plasma membrane. c and d Exosomes released by one cell can enter the 
other in one of the two ways—by being taken up by cellular endocytic pathway c or by fusing to 
the plasma membrane and releasing the contents directly into the cytoplasm d. e MVs or exosomes 
are also secreted by cells by budding directly from the plasma membrane

 

Table 17.1  History and variety of microvesical names
Name Size range Source Year References
Prostasomes N/A Seminal plasma 1978 [174, 175]
Exosomes 40–100 nm Cancer cells 1981 [55]
Epididymosomes N/A Epididymal fluid 1985 [176]
Argosomes ND Drosophila imaginal disc epithelium 2001 [177]
Archeosomes ND Methanobrevibacter smithii 2004 [178]
Dexosomes 60–90 nm Tumor cell lines 2005 [179]
Prominosomes 50–80 nm Neural stem cells 2005 [180]
Oncosomes 100–500 nm Astrocytoma cells 2008 [181]
ND not defined, N/A not available
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MVs are evolutionarily conserved, which suggests that they carry out important 
biological functions [64]. Cells are known to secrete MVs due to factors such as 
environmental stress, cellular activation, or apoptosis [49, 62]. The composition of 
MVs varies between cell types and environmental conditions, and a formal classifi-
cation based on vesicles components is still being actively debated [67, 68]. As an 
example, exosomes are usually characterized by membrane markers (CD63, CD81, 
CD9, TSG101, and Alix) that seem to be limited to this type of MVs [68].

One area of MV research is directed specifically at the understanding of how 
vesicles are formed and released, which may be a universal, conserved cellular re-
sponse [69]. Unlike apoptotic bodies which are formed from randomized plasma 
membrane blebbing, exosomes are generally derived from the inward budding of late 
endosomes that leads to the formation of intraluminal vesicles that eventually fuse 
to the plasma membrane for extracellular release [70]. At least three mechanisms 
for MV generation have been proposed: (a) decay of dying cells into apoptotic bod-
ies, (b) cellular plasma membrane blebbing ectosomes, and (c) emission of plasma 
membrane into exosomes [49, 62, 69, 71, 72]. The result is outward budding and 
fission of vesicles from the tumor cell surface (Fig. 17.2). Some observations have 
also described a direct formation and release of exosomes from cytoplasmic mem-
brane budding of immune cells [73, 74].

Reports of MV isolation, size, density, and morphology should be interpreted 
with caution. Due to their small size and heterogeneity, conventional methods of 
classification for this type of biomolecule have proven to be difficult [67, 68]. MVs 
are hard to detect with basic light microscopy and flow cytometry, because they 
are generally less than 200 nm. Several methods have been in use for isolation and 
purification of MVs, ranging from centrifugation techniques to antibody precipita-
tion [75, 76]. The method most commonly used is a differential ultracentrifugation 
including a sucrose density gradient [64, 68]. However, techniques such as these 
have been shown to change the size and morphology of MVs. For instance, while 
MVs are frequently described as cup shaped in the literature [77–80], Thery et al. 
demonstrated that this morphology was actually an artifact caused by the fixation 
process for transmission electron microscopy. In another study by Connor et al., re-
peated freeze–thaw cycles of plasma rich in platelets caused a considerable increase 
of annexin V + MVs [81]. The MV count in a sample can vary with storage time, 
temperature, dilution buffer used, and agitation. This shows that environmental 
factors affect the release of MVs and that cells often release MVs due to stress [64].

4 Microvesicle Cargo

Recent evidence shows that MVs can act as a unique vehicle for the release of 
soluble and insoluble molecules [49], including lipids, proteins, and nucleic acids 
[61, 82]. MV uptake into a target cell may allow the exchange of these molecules 
that are otherwise taken up by MV-producing cells. Such a mechanism would affect 
the target cell phenotype [49]. MVs are enriched in lipids like ceramides, cholester-
ol, and sphyngomyelin, which promote vesicle release and play important roles in 
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Fig. 17.2  Schematic representation of formation and release of microvesicles and exosomes: a 
Formation of tumor microvesicles (MVs). As a result of cell stimulation MVs are shed by budding 
of plasma membrane of the cancer cell. ( Inset 1) Electron microscopy showing shedding MVs 
[173]. b Accumulation and release of exosomes. Exosomes are accumulated in the MV bodies 
(MVBs) and are released by exocytosis when the MVBs fuse with the plasma membrane as a result 
of cell stimulation. ( Inset 2) TEM showing MVB containing many exosomes [174]. ( Inset 3) TEM 
showing exosomal release [175]
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Fig. 17.3  Breast cancer rate of incidence per Surveillance Epidemiology and End Results (SEER) 
database between 1975 and 2009 in females from all ages and all races
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cell communication [83–87]. More than 300 different proteins have been detected 
within exosomes [88]. The proteins reported belong, but are not limited to families 
of surface receptors, signaling molecules, and cell adhesion molecules [88, 89]. Nu-
cleic acids like DNA, mRNA, and noncoding RNA (long noncoding RNA, tRNA, 
and miRNA) have been reported in exosomes [90–92].

5 MSCs and Breast Cancer Stroma

Breast cancer is the most commonly identified and one of the deadliest neoplasms 
in women worldwide. The rate of incidence has increased by 1.5-fold from 1975 to 
2009 (Fig. 17.3). Approximately 230,000 diagnoses and 40,000 deaths from inva-
sive breast cancer are expected in the USA in 2012 [93].

Breast cancer stroma is defined as the cells which are derived from normal cells 
surrounding the breast tumor, including the cells that are recruited from other sites 
through circulation [18, 94]. In response to stroma-modulating growth factors, 
homeostasis is disrupted in normal stromal cells. This eventually causes a transfor-
mation of these cells into breast tumor-supporting stroma. Studies involving human 
breast tumor xenografts in mice showed that the interaction of breast tumors and 
its associated stroma determines the phenotype of the tumor [95]. For example, 
gene expression studies on breast tumor stroma revealed increased expression of 
hypoxia- and angiogenesis-associated genes as compared to the stromal cells that 
are not tumor associated [96]. Also, paracrine signals emitted by tumor-associated 
stromal cells recruit distinct populations of leukocytes producing receptor activa-
tor of nuclear factor kappa-B ligand (RANKL)-promoting breast cancer metastasis 
[97]. Stromal cells modulate the tumor-invasive properties by secreting proteolytic 
enzymes including matrix metalloproteinases [98].

MSCs are multipotent cells with non-hematopoietic origin and constitute a minor 
population (0.01 %) of nucleated cells in bone marrow [99–101]. MSCs are sub-
sets of stromal cells and are known for their active mobilization from bone marrow 
and migration to the sites of injury [102–104]. Various reports suggested that bone 
marrow-derived MSCs are preferentially recruited to the tumor-surrounding stroma 
[105] when compared to normal stroma [106], mainly by the inflammatory factors in 
the tumor microenvironment [107]. These reports increased interest in understanding 
the potential role of MSCs in tumor progression. MSCs are recruited to the tumor 
microenvironment in response to various cytokines as mentioned earlier, which are 
secreted by tumor cells and their associated stroma [108–112], and act as precursors 
for pericytes and CAFs [113–115]. MSCs promote tumor cell proliferation through 
their immunosuppressive properties and direct cell supportive properties [116, 117]. 
Earlier studies from our group suggest that under nutrient-deprived conditions, the 
MSCs associated with tumor stroma undergo autophagy, thereby secreting anti-
apoptotic factors and facilitating breast tumor support [35] (Fig. 17.4). These studies 
suggest that targeting tumor-associated stromal cells along with tumor cells provides 
a more effective treatment strategy for breast cancer [10, 118].

K. C. Vallabhaneni et al.
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6 Microvesicular Transfer

MV secretion by most of the normal cell types is a regular physiological phenomenon 
and a mode of intercellular communication for cell growth and activation [64]. The 
evidence that MVs were involved in cancer was first documented in patients with 
Hodgkin’s disease in the late 1970s [54]. Since then, various studies have revealed the 
active involvement of MVs in different stages of cancer progression [119]. In human 
breast cancer cell lines, there is a positive correlation between the amount of MVs 
released and the in vitro invasiveness of the cells [58]. Similar results were observed 
in in-vivo studies on ovarian cancer fluids [120]. MV secretion can provide either fa-
vorable or unfavorable features to cells, depending on the cell types that are released 
[121]. Cancer cells can use MVs to evade protective mechanisms of the organism 
by inducing immune tolerance, expression of pro-apoptotic signals, ECM remodel-
ing, drug resistance, and in other various ways. MVs derived from antigen-presenting 
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Fig. 17.4  Schematic depicting interactions between the bone marrow niche ( left) and the cancer 
stroma. MSCs in bone marrow self-renew and also differentiate into other cell types that exhibit 
tumor stromal supportive properties—such as myofibroblasts, adipocytes, endothelial cells, and 
immunomodulatory cells. Cancer cells secrete tumor-derived soluble factors, which recruit MSCs 
to the cancer stroma. Recruited MSCs secreted various factors, for example CCL5 which interacts 
with its receptor CCR5 expressed on cancer cells. MSCs also differentiate to CAFs in cancer 
stroma, and these CAFs secrete CXCL12 which interacts with cancer cells through CXCR4/7 
receptors
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cells favor T cell activation [122], and MVs secreted by cancer cells induce apopto-
sis in T cells, thereby favoring tumor cell survival [123, 124]. Cancer cells dispense 
caspase 3 through MVs, preventing its accumulation in cells that leads to apoptosis 
[125]. Degradation of the ECM is essential for tumor growth and metastasis; both 
matrix metalloproteinase (MMP-2, MMP-9) and urokinase plasminogen activators 
are required for ECM degradation [126]. MVs derived from cancer cells contain these 
proteases and thereby increase the invasiveness of the cancer cells [126].

MVs are capable of developing drug resistance in cancer cells. One method is 
by transporting multidrug resistant efflux pumps (P-glycoproteins) to other cancer 
cells in the surrounding environment, thus spreading drug resistance among cancer 
cells [127, 128]. Another strategy is by shedding off the drug-accumulated MVs as 
seen in ovarian cancer cells which expel doxorubicin via exosomes [129]. Studies 
on lung cancer models showed the increased secretion of MVs containing VEGF 
and sphingomyelin under hypoxia conditions, thereby facilitating angiogenesis and 
rescuing the cancer cells from nutrient and oxygen deprivation [82].

7  Microvesicle-Mediated Stromal Cell–Cancer Cell  
Cros Talk

Cancer cells actively interact with stromal cells through MVs. One study on invasive 
prostate cancer cell lines showed that cancer cells not only activate fibroblasts in 
tumor stroma by secreting MVs, but also promote MV release from these activated 
fibroblasts to advance their own migration and invasion [130]. MVs contribute to 
the transformation of normal cells into cancer cells, as studies on breast carcinoma 
and glioma cells showed that MVs transfer tissue transglutaminase (tTG) from can-
cer cells to both normal fibroblasts and epithelial cells, as a result of which these 
cells transform to cancer cells [42].

Similar to cancer cells, normal cells also secrete MVs. Their function depends on 
the phenotype of the parent cells [131]. For example, MVs secreted by MSCs in kidney 
injury mice models have shown to have a potential renoprotective effect [132, 133]. In 
myocardial ischemia model and in a brain injury study, MVs secreted by MSCs pro-
vided cardioprotection and protection against stroke, respectively [134, 135].

8 microRNA

miRNA are noncoding small RNA (19–22 nucleotides in length) that play a wide 
spectrum of roles on both pre-transcriptional and posttranscriptional gene expression. 
miRNA are thought to regulate at least the third of the human genome; indeed, if 
a unique miRNA can target different mRNAs, it can also be targeted by different 
miRNA species. miRNA act principally by a specific binding to the 3′ untranslated 
region (UTR) coding mRNA [136, 137]. miRNA are themselves regulated by differ-
ent factors such as epigenetics [138] or competitive endogenous RNA (ceRNA) [139].
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Circulating miRNAs have been detected in various body fluids including serum, 
plasma, amniotic fluid, saliva, sweat, urine, and milk [140]. Data compilation shows 
that circulating miRNA originate mainly from MVs secreted by all kinds of cells or 
from MV-free miRNAs found in human plasma and serum. These miRNAs directly 
bind to Argonaute 2 (ago2) proteins and form a very stable complex. Because of the 
high stability of the miRNA–ago2 complex, it is difficult to trace the original source 
of these circulating miRNAs, since they can result from apoptotic or necrotic cells 
(e.g., short-life platelets) as well as from pathologies (e.g., cancer) [141–143].

miRNA levels are highly regulated in normal cells to maintain cell homeostasis. 
However, they are deregulated in cancerous cells and participate in the proliferation, 
dedifferentation, migration, and metastasis of these cells [144, 145]. Some miRNAs 
are more recurrently associated to cancer patterns. For example, miR-34a, miR-155, 
and miR-199a are found upregulated or downregulated in breast cancer [146–149].

Single miRNAs have been identified to regulate the balance between normal 
and cancer cells. For example, the transfer of secreted miR-143 from normal pros-
tate cells induces the growth inhibition of prostate cancer cells, where miR1–143 is 
downregulated [150]. In another study, the MVs secreted by different cancer cell lines 
contain specific miRNAs (e.g., miR-9) that promote endothelial cell migration [151].

The presence of miRNA in cancer cell MVs seems to be driven selectively. For 
example, it has been shown that secreted breast cancer cell lines secrete a variety 
of MVs containing more abundant and more diverse miRNA species compared to 
those secreted by normal epithelial cells [152, 153].

9 microRNA-Mediated Cross Talk

The presence of functional mRNAs and miRNAs within mouse and human exo-
somes was first reported by Valadi et al. in 2007 [154]. Exosomal fractions were 
isolated from the supernatant of a mouse mast cell line, primary mouse bone 
marrow-derived mast cells, and a human mast cell line and then submitted for 
microarray analysis. More than 1,000 different miRNAs and 100 unique miRNAs 
were detected in these exosomes. Interestingly, most abundant miRNA in the exo-
somes were generally different from the most abundant miRNA found in the donor 
cells, suggesting that some miRNAs may be uniquely packed into exosomes. This 
study also demonstrated that mouse proteins could be synthesized within human 
mast cells when exosomes derived from mouse mast cells were shuttled into the 
cultured human mast cells in vitro [154].

Since then, the horizontal transfer of mRNA and miRNA has been reported in 
numerous studies between normal cells [85, 155–157], from virus-infected to nor-
mal cells [158], between embryonic stem cells [159, 160], from MSCs to cancer 
cells [161], between cancer cells [162, 163], from cancer to normal cells [164], and 
from normal to cancer cells [47, 162]. That exosomes can shuttle RNAs between 
cells suggest that RNAs may play a role in the regulation of gene expression in re-
cipient cells. The ratio of RNA fragments found within exosomes varies depending 
on the cell type from which the exosomes originated [163].
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Gibblings et al. demonstrated evidence that the loading of miRNAs into exosomes 
may not in fact be random, but instead controlled by specific proteins involved in 
the miRNA network. By showing the presence of ago2 protein and a noticeable en-
richment of GW182 in purified exosomes-like vesicles, these findings suggested the 
selective sorting of GW182 into exosomes [165]. Ceramide is a major component of 
exosomes and plays an important role in their external secretion [83, 84]. It is syn-
thesized from sphingomyelin by the enzyme sphingomyelinase 2 (nSMase2) [163]. 
nSMase2 also has a role in the external secretion of miRNAs within exosomes [85].

Additional studies demonstrating the uptake of secreted miRNA followed by 
induced function in the recipient cells have been reported. Katakowski et al. [166] 
transfected rat gliosarcoma cells to express miRNA that lacks homology in rat. The 
coculture of these cells with cells that expressed a gene reporter, which contained a 
complementary sequence of the miRNA, resulted in a reduction of the gene reporter 
expression. Carbenoxolone addition to cocultures prevented this effect, so the au-
thors suggested that gap junction communication regulates intercellular transfer of 
miRNA. Other studies suggest the same miRNA transfer mechanism via gap junc-
tions between cardiomyocytes in culture [167] and between bone marrow stromal 
cells and a breast cancer cell line [43].

Recent studies suggest the transfer of miRNAs between embryonic stem cells 
through MVs [159, 160]. Miltenbrunn et al. showed that exosomes of immune cells 
transfer functional miRNAs involving unidirectional and antigen-dependent driven 
mechanism. Interestingly, inhibition of exosome production by targeting neutral 
nSMase2 impairs transfer of miRNAs to recipient cells [85, 168]. miRNAs are 
well described to bind to the RNA-induced silencing complex (RISC) [169], but 
some miRNA have been reported to directly bind to other protein, act as a decoy, 
and prevent it from blocking translation of mRNAs [170]. Fabbri et al. showed that 
tumor-secreted exosomes from lung cancer lines contains miRNAs that can bind 
directly to Toll-like receptors (TLR), triggering a TLR-mediated prometastatic in-
flammatory response that may lead to tumor growth and metastasis [171]. Thus, the 
role of transferred miRNAs secreted by a donor cells not only can be limited on post-
transcriptional effects in the recipient cells, but also can act as a paracrine signal.

10 Microvesicles and Metastasis

Metastasis is the leading cause of cancer death, yet it has been an enigma for research-
ers. It is considered a mechanistically inefficient process because of its dependence 
on very regulated and controlled systemic fueling. The harbinger to metastasis is the 
pre-metastatic niche formation. This niche is presumed to play a role in dormancy, 
relapse, and development of metastasis. An emerging potential of MVs is formulating 
the pre-metastatic niche. Ghasemi et al. have termed these MVs “metastasomes” and 
hypothesized that they may aid foundation of the secondary lesions via a “malignant 
trait” spreading system that regulates the interactions between tumor tissue-specific 
RNA being transferred via metastasomes and the cell-type/tissue-specific RNA within 
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the target organ, thus serving as tumor–organ matchmakers [172]. Recent studies have 
shown that these MVs are actually “customized” to the cancers. In one study compar-
ing MVs from breast cancer cells and normal cells, the selectively exported miRNAs, 
whose release is increased in malignant cells, are packaged in structures that are dif-
ferent from those that carry neutrally released miRNAs [152, 153].

In closing, the recent discoveries on the study of tumor-derived MVs reveal 
new insights into the cellular basis of tumor stromal support. There is potential to 
translate this information into developing novel innovative approaches for cancer 
diagnostics and personalized therapy. The complexity and variety of the MV cargo 
implicate them in a multipronged approach towards tumor support, and hijacking 
their functions to engineer tumor-inhibitory MVs seems plausible. Most of the 
current knowledge is on the molecular profiling of the circulating MVs as biomarkers 
for cancers, which induces multiple platforms for personalized diagnostics.
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Abstract MicroRNAs (miRNAs) have progressed to a separate field in cancer 
biology. As cancer cells undergo investigations to build a hierarchy, the dissection 
of miRNA in the developmental process occurs in parallel. There is no doubt that 
RNA interference (RNAi) will be in the clinic. However, the efficiency of the pro-
cess remains a challenge. This chapter discusses the potential for RNAi in therapy 
and summarizes some of the different methods to package RNAi for delivery to 
the regions of cancer. The ability of mesenchymal stem cells to migrate to the site 
of tumors has been explored as a method to deliver RNAi. However, these stem 
cells can influence tumor growth and the immune response to tumors. This chapter 
briefly discusses the potential of using mesenchymal stem cells in RNAi delivery. 
This topic would require a separate chapter on stem cells and RNAi delivery. Con-
founds discussed in this chapter are applicable to any method developed with stem 
cells to target cancer cells with RNAi.

Keywords MicroRNA · Stem cells · Cancer · RNAi · Drug delivery

1 Introduction

The identification of microRNAs (miRNAs), small single-stranded nucleic acid 
molecules, with diverse roles in cellular biology, can be considered one of the most 
influential breakthroughs in the field of genetics. First identified in Caenorhabditis 
elegans as regulators of larval development [11], these noncoding molecules ex-
ert important regulatory effects, specifically posttranscriptional modification [50]. 
Ultimately, miRNAs bind to endogenous messenger RNAs (mRNAs), leading to 
either mRNA silencing or degradation [50]. miRNAs are functionally relevant in 
development, apoptosis, cell proliferation, cancer progression, and a variety of 
other biological processes [18].
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Endogenous miRNA synthesis occurs through a highly orchestrated set of 
events involving polymerases, ribonucleases, and nuclear shuttles [32]. RNA 
polymerase II-mediated transcription leads to the production of a hairpin structure 
known as primary miRNA (pri-miRNA), which is then processed by the nuclease 
RNase III Drosha into a 70-nucleotide precursor miRNA (pre-miRNA) [32]. The 
pre-miRNA is exported from the nucleus via Exportin-5 and enters the cytoplasm, 
where it encounters an RNase III known as Dicer. The product of this reaction is 
a mature 19–22-nucleotide miRNA. miRNA hairpins can complex with a variety 
of Argonaute proteins, forming the miRNA-induced silencing complex (miRISC). 
The core components of the mammalian miRISC consists of one of four Argo-
naute proteins (AGO1–4) and Argonaute-bound GW182 [10]. AGOs are essential 
for miRNA-mediated gene silencing, since depletion of AGOs from cells of mul-
tiple organisms impairs miRNA-mediated silencing [1, 37]. Indeed, AGO proteins 
repress protein synthesis when artificially bound to reporter mRNA 3′ untranslat-
ed regions (UTRs) lacking miRNA target sites [33]. These findings suggest that 
miRNA–mRNA interaction is dispensable for the activity of miRNA-loaded AGO 
proteins, but determines endogenous mRNA specificity.

Unlike short interfering RNAs (siRNAs), miRNAs bind to the 3′ UTR of mRNAs 
through imperfect Watson–Crick base pairing. Binding to the 5′ UTR and protein-
encoding sequence can also occur, although this is less likely than binding to the 
3′ UTR [35]. The mechanisms by which miRNAs lead to gene silencing are under 
investigation, but thus far, include suppression of translational initiation or elonga-
tion, protein degradation, and premature chain termination [18]. Importantly, the 
seed sequence of the miRNA, which is a 2–7-nucleotide sequence located at the 5′ 
end, is necessary for binding of miRNAs to 3′ UTRs [18]. This results in silencing 
of endogenous mRNA transcripts [32]. In addition to silencing, miRNAs can lead 
to degradation of transcripts [18]. miRNAs are vital to life in that Dicer knockouts 
have been shown to result in embryonic lethality [50].

The miRNAome, which refers to the collection of all miRNAs, is currently being 
sequenced, using next-generation technologies [35]. Deep sequencing can be used 
to characterize various miRNA expression profiles [4]. At the time of writing this 
chapter, there were greater than 1,000 known human miRNAs sequences deposited 
in databases [11]. The miRNAome for various cancers are under investigation with 
the goal of determining miRNA expression profiles and polymorphisms that may 
be linked to disease. miRNAs map to approximately 100 different clusters in the 
genome, and miRNA located in the same cluster are generally coexpressed [11], 
for example, onco-miRs, which are involved in the progression of cancer, and ex-
pressed from the miR-21 family/cluster [22].

An important concept regarding miRNAs is that they have pleiotropic effects. 
One miRNA can regulate multiple endogenous messages, and multiple miRNAs 
can exert a synergistic or antagonist effect on one gene [35]. For example, miR-
130a and miR-206 have been shown to bind to the 3′ UTR of Tac1, which encodes 
substance P [16]. These miRNAs act in synergy to suppress Tac1 gene expression 
[16]. Thus, miRNA regulatory networks are complex, and algorithms have been 
developed in order to predict putative interactions [11]. In addition, miRNAs can 
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be interdependent in that miRNAs located in the same cluster are subject to similar 
regulation [11].

Once the molecular target for a miRNA has been ascribed and its cellular func-
tion identified, the potential for utilization of miRNAs or other siRNAs in therapy 
exists. In theory, if aberrant expression of a protein were linked to a disease state, 
then in vivo delivery of a small RNA that can bind the overexpressed protein’s 
mRNA transcript would target the transcript for degradation and reduce amounts of 
the protein. This type of RNA interference (RNAi) therapeutic is an active area of 
research in the pharmaceutical industry and holds a great deal of promise. However, 
before this type of therapy can be tested in humans, safety and efficacy studies must 
be conducted in animal models of the disease.

One of the greatest challenges in utilizing RNAi in therapy is delivery of the 
molecule to the target tissue. In general, there are two types of delivery of RNA 
molecules in vivo: systemic and local [15]. Systemic delivery involves adminis-
tration of relatively large doses of the RNA molecule into the whole organism to 
achieve the desired downregulation, whereas local delivery into a specific site re-
quires much less RNA and has a lower chance of an off-target or a toxic effect since 
it is not delivered to the entire organism. A large number of delivery methodologies 
have been tested for both systemic and local delivery. Some of these methods in-
clude cholesterol conjugates, liposomes, polymer-based nanoparticles, antibodies, 
peptides, and viral particles. Currently, many pharmaceutical companies are either 
organizing or already performing RNAi clinical trials for a multitude of indications, 
including macular degeneration and inhibition of tumor growth/reduction of tumor 
size in pancreatic adenocarcinoma [9]. RNAi therapeutics are still in their infancy; 
however, successful clinical application of this approach will likely lead to an ex-
pansion of the field and a growing number of clinical trials for other indications.

Technology involving miRNAs has diverse applications, including detection, 
expression profiling and functional analysis. miRNA technology can be employed 
as a powerful tool that allows researchers to understand human disease at the ge-
netic and molecular levels. They have the potential to be used as biomarkers for 
the prediction of cancer risk and for prognosis. miRNA profiling may become a 
key component of many basic science and clinical applications [4]. For example, it 
has been shown that tumor microenvironments can be distinguished based on ex-
pression patterns of miRNAs [4]. In the case of breast cancer, miRNA patterns are 
diverse among different disease subtypes, such as luminal, basal-like, and HER2-
positive cancers [39]. In the case of cardiovascular disease, dysregulation of miR-
NA expression has been shown in damaged heart tissue. Similarly, in hepatocellular 
carcinoma, miRNA networks have been defined, increasing our understanding of 
the molecular basis of this disease [24].

In addition to the potential diagnostic use of miRNAs, they may also have thera-
peutic applications, such as the use of anti-miRs to abrogate the undesirable effects 
of aberrant miRNA expression. For example, miR-21 has been strongly associated 
with chemotherapy resistance in a variety of cancers, such as pancreatic cancer, he-
patocellular carcinoma, and chronic myelogenous leukemia [19, 31, 44]. Scientists 
have suggested that miR-21 may serve as a target in cancer therapy based on its 
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powerful role in oncogenesis [2]. Anti-miR nucleotide therapy may allow for the 
resensitization of cancers to chemotherapy [31]. By extrapolation, miRNAs that are 
associated with protection against diseases may be employed with pre-miR therapy.

One of the major challenges to therapeutic modalities involving miRNAs is the 
mechanism of in vivo delivery. It has been proposed that single-stranded circular 
DNA molecules can serve as the vehicle through which small nucleotides can be de-
livered [38]. Special formulations may need to be developed for intravenous or oral 
( p.o.) delivery. Besides delivery considerations, immunological phenomena must 
also be considered. If miRNAs are recognized as foreign antigens, they may be reject-
ed by the innate or adaptive immune system. A final consideration is the stability of 
these molecules upon entry into target cell types, considering endogenous nucleases 
that may be present. These obstacles must be overcome prior to clinical implementa-
tion of small nucleic acid therapy. These prospects merit further research into miRNA 
mechanisms and therapeutic applications with the hope of alleviating disease.

2 miRNA and Cancer

The body of literature linking miRNA to cancer is growing at an exponential rate. 
Here, we focused on glioblastoma multiforme (GBM). Several miRNAs were 
shown to have oncogenic functions, referred to as onco-miRs. The role of miRNA 
includes diagnostic and perhaps prognostic value since the profile of miRNAs have 
been reported in cerebrospinal fluid [43]. GBM is the most common adult intracra-
nial malignancy and the most aggressive with an ~ 11-month medial survival rate. 
The treatment options for patients with GBM are limited to surgery, radiation, and 
limitation with temozolomide [8]. This combination of treatment is the result of 
years of clinical trials with different types of drugs [12]. In 2009, the US Food and 
Drug Administration approved bevacizumab, also known as Avastin [5]. However, 
Avastin was only approved for cases that continue to progress after the standard 
care, which included surgery, radiotherapy, and temozolomide [5]. GBM comprises 
of oligodendroglioma and oligoastrocytoma [41]. Patients with both subtypes of 
GBM respond to temozolomide, but with little effect during recurrence [41].

Intercellular communication among tumor cells as well as the involvement of 
adhesion molecules have been linked as mediators of metastasis [17]. Gap junc-
tional intercellular communication between cancer cells, including GBM, has been 
associated in the pathophysiology of cancer development [40]. Small second mes-
senger molecules and miRNAs can pass through gap junction to regulate intercel-
lular communications [25].

Specific miRNAs have been shown to regulate the invasion, migration, and pro-
liferation of GBM, leading to poor prognosis [27, 29]. Interestingly, signal trans-
ducer and activator of transcription 3 (STAT3), through miRNA21, maintained 
telomerase reverse transcriptase (TERT), which suggested an antiaging mechanism 
by miRNA21 in GBM [46]. miRNAs are important in a number of cancer-related 
signaling pathways, specifically epidermal growth factor (EGF) and its receptor 
(EGFR), TP53, and phosphatase and tensin homolog (PTEN).

S. J. Greco et al.



353

A number of parallels exist between normal human developmental pathways and 
those leading to oncogenic transformation/maintenance. The EGF/EGFR pathway 
is one common example of these overlaps. EGF is a 6-kDa protein with 53 amino 
acids, stabilized by three disulfide bonds. EGF binds with very high affinity to 
EGFR and induced cellular proliferations, differentiation, and survival. The over-
expression of EGFR has been reported in ~ 60 % of primary GBMs. These changes 
in EGFR expression have been correlated with the worst clinical prognosis for pa-
tients. EGFR serves as an attractive target for pharmacological inhibition of GBM 
signaling. Recent clinical trials have shown some improvement in patients treated 
with tyrosine-kinase inhibitors. EGFR has intrinsic protein tyrosine kinase activ-
ity, which leads to canonical receptor tyrosine kinase pathways. Prior to EGF li-
gand binding, EGFR is a nonactive monomeric transmembrane protein, although 
some evidence has suggested the existence of ligand-independent dimerization. 
After EGF binding to EGFR, the monomeric structure undergoes homodimeriza-
tion, which results in the activation of the intrinsic protein tyrosine kinase activity. 
This results in the autotransphosphorylation of at least five residues (Y992, Y1045, 
Y1068, Y1148, and Y1173). Downstream proteins interact with the phosphorylated 
EGFR through SH2-phosphotyrosine-binding domains. EGFR binds to phospho-
lipase C (PLC) and activates this lipase through phosphorylation. PLC activation 
results in the formation of inositol trisphosphate (IP3) and diacylglycerol (DAG). 
PLC downstream signaling leads to the release of stored calcium and the activation 
of the Akt/PKB pathway, a known antiapoptotic mechanism. Phosphorylated EGFR 
also binds to the Grb2/SOS complex, which can activate the p21 RAS pathway 
resulting in mitogen-activated protein kinase (MAPK)/extracellular signal-related 
kinase (ERK) activation. Pathway “cross talk” and activation of MAPK/AKT/PLC 
as well as other EGFR-induced pathways leads to profound effects of EGF secretion 
on recipient cells.

The TP53 gene is one of the most frequently mutated genes in human malignan-
cy. The TP53 gene product p53 serves a dual role within cells. It can inhibit cellular 
proliferation and can activate apoptosis to regulate proper cellular function. The 
functions of p53 are tightly regulated by a feedback loop mediated through the p53 
target Mdm2. Mdm2 functions as an E3 ubiquitin ligase that recognizes the amino 
terminal of p53. Following ubiquitination, p53 is degraded via the proteasome. 
miRNAs provide an additional mechanism for p53 regulation. This section will 
focus on not only p53-targeting miRNA but also p53-induced/inhibited miRNA.

To screen for p53-regulated miRNAs, GBM cells (U87) were profiled with and 
without the addition of the Mdm2/p53 complex inhibitor, Nutilin-3a. Using this 
approach, miR-25 was the most strongly repressed (> 2-fold) by p53 activation 
(cells + Nutilin-3a). Yet, miR-32, which shares the same seeding sequence as miR-
25, was also repressed by p53. Through in situ hybridization, it was confirmed that 
p53-expressing GBM cells lacked miR-25/-32. miRNA-25 is part of a larger cluster 
of miRNAs located in the 13th intronic region of the MCM7 gene. Transcriptional 
regulation of the miRNA cluster has been shown to be E2F1- and MYC- dependent. 
Not surprisingly, p53-expressing GBM cells showed reduced expression of E2F1 
and MYC, as well as miR-25/-32. But, the miR-32 host gene C9orf5 did not show 
reduced expression. This led to the discovery of a novel miR-32 promoter, which is 
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regulated by MYC. Interestingly enough, exogenous addition of miR-25/-32 led to 
prolonged p53 protein expression through stabilization; later, it was uncovered that 
miR-25/-32 functionally targets Mdm2. In vivo data, using intracranial xenograft 
models, show that miR-25/-32 expression increased overall animal survival through 
the accumulation of cytoplasmic p53. Taken together, the aforementioned discus-
sion showed a feedback loop in which miR-25/-32 are repressed by p53 activation, 
resulting in increased Mdm2, which allows for p53 degradation and impaired func-
tion.

miRNA-21 is one of the most commonly upregulated miRNAs in oncogenesis 
and the maintenance of malignancies. Recent data showed miR-21 expression to be 
specific for tumors of glial origin, and this resulted in a decrease in cellular apop-
tosis. Knockdown of miR-21 in these tumors resulted in the activation of caspase 
3/9-dependent cellular death. miR-21 can repress p53-mediated apoptosis and de-
tained the cell cycle, thus inducing chemoresistance to a number of antineoplastic 
treatments.

Research studies supported a role for miR-21 in the regulation of a number of 
proteins. Chen et al. [4] showed that programmed cell death 4 (PDCD4) is a direct 
and functional target of miR-21 through binding to the 3′ UTR of PDCD4. GBM is 
a malignancy with extensive migration and infiltration of surrounding tissues. Ga-
briely et al. also reported on a role for miR-21 in the migratory properties of GBM 
by regulating a number of matrix metalloprotease inhibitors including TIMP3 and 
RECK. PTEN is a well-characterized and commonly mutated human tumor sup-
pressor gene located on chromosome 10, which has been confirmed to be regulated 
by miR-21 in GBM cells.

3 miRNA Therapeutics and Confounds

As discussed earlier, there is no question that aberrant expression of miRNAs can 
result in different diseases, including malignancy. miRNAs are found in the plasma 
and are overwhelmingly proposed as biomarkers [6]. The goal is to identify if the 
miRNAs found in plasma are relevant to the disease and if they can be targeted. 
The next major challenge is to identify the source of the miRNA and to directly 
target them in the tissues. While there are discussions on the mechanisms by which 
miRNAs are involved in cancer, there is a need to establish methods to deliver 
miRNAs or antagomiRs for treatment. Indeed, biopharmaceutical companies have 
been actively involved in the development of new technologies to treat with RNAi 
[23]. The delivery of RNAi can occur by siRNA, short hairpin RNA (shRNA), bi-
functional shRNA, and miRNA. These categories of RNAi can suppress translation 
or degrade mRNA, resulting in the suppression of gene expression through post-
transcriptional intervention.

Recently, reports indicated that shRNA can be processed by methods that do 
not involve Dicer [26]. Studies with shRNAs with various stem length and loop 
sizes indicated that these parameters were important for the method to process the 
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shRNA to RNAi [26]. The alternate method was Dicer-independent. Another point 
noted by the investigators is that the short stem length prevented processing by 
Dicer, and this resulted in the alternate method of processing, although similar in-
corporation occurred into RISC. The major difference was shown by the processing 
through AGO2-mediated slicing. This resulted in a single RNA strand as compared 
to the canonical processing to achieve siRNA duplexes. Going forward, this new 
information and more likely other mechanisms in the near future are important for 
the effective design of RNAi molecules for therapies. In the best cases where the 
ideal RNAi is established, the challenge is to identify methods for targeted delivery. 
There will also be a need to find a balance to prevent prolonged lingering of the 
RNAi without rapid excretion. Also, the challenge is to identify a delivery system 
that is stable, nontoxic, does not activate the immune system, and simultaneously 
shows improved efficacy. There are ongoing studies and challenges to make modi-
fications of current molecules to achieve the ideal goals [21].

Despite the obstacles involved in targeted delivery of RNAi, the research con-
tinues to be active, with the goal of developing and identifying methods to treat 
different disorders. There are clinical trials for macular degeneration, cancer, viral 
infection, and other disorders [23]. The use of RNAi for viral infection is not new 
since this method has been largely used by arthropods to prevent infections from 
RNA viruses [36]. There were several trials with RNAi but relatively few remained 
in the clinic. We will discuss some of the methods in RNAi and what we believe 
could be major obstacles. We will also provide solutions in this section.

A growing body of literature identified aptamers for targeted delivery of RNAi 
[51]. Although these are synthetic single-stranded nucleic acids, the molecules can 
be arranged into various shapes for specific binding. The analogy of the specific-
ity for the aptamer has been linked to antibodies [3]. The aptamers were adapted 
from those found endogenously from misfolding of proteins and later proposed as 
biomarkers for diseases such as cancer. Although the application of aptamers as 
biomarkers has not proved to be fruitful for cancer, the research on the technology 
could benefit RNAi treatment. Despite the potential application for aptamers, their 
use in RNAi delivery requires intensive investigation. This will require a strong 
collaboration among engineers, chemists, and biologists.

Intuitively, the liver should be one of the first organs to target RNA since this 
organ is the site of clearance. Translational scientists have taken advantage of the 
liver and have developed chemical molecules to prevent the replication of the hepa-
titis B virus. This was achieved by RNAi to prevent the translation of viral proteins 
through chemical delivery or adenovirus [47, 49]. As the therapy for RNAi devel-
ops, the method will replace the current treatments by relatively toxic methods [34]. 
The studies are promising since there is no evidence of liver chemistry or aberrant 
cytokine production. The methods to deliver RNAi would benefit miRNA since 
modified techniques might be used to deliver pre-miRs or antagonize their func-
tions, referred to as antagomiR.

The development of methods to directly target cells through receptors is an ac-
tive area of investigation. Conjugates to deliver RNAi through the folate receptor 
for cancer treatment appeared to be specific [7]. There is no evidence that the folate 
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receptors are different in normal and malignant cells. This brings up the specificity 
for the treatment of cancer without untoward effects on the healthy cells. This con-
cern is not eliminated with targeted treatments such as the folate receptor. As with 
other drugs that can target cancer and normal cells, preclinical studies will be able 
to find a dose to deliver the RNAi to cells with minimal toxicity.

Hyaluronic acid, which binds to CD44, is highly expressed in cancer cells and was, 
therefore, studied as a targeted method to deliver RNAi. A nano-based system with 
hyaluronic acid was tested with cancer cell lines [13]. The proof of principle stud-
ies showed a promising outcome for this nanoparticle. A major concern to target the 
hyaluronic acid receptor is bone marrow toxicity because hyaluronic acid is a part of 
the bone marrow microenvironment [14, 42]. If the particles go to different cavities 
within the bone marrow, the particles would bind to the same hematopoietic cells that 
interact with the extracellular matrix of bone marrow. The interacting cells could be 
hematopoietic stem cells and progenitors that interact with hyaluronic acid. This could 
lead to major toxicity since the RNAi could directly enter hematopoietic stem cells.

In addition to the receptor-targeted delivery of RNAi to cancer cells, there is evi-
dence of passive entry of RNAi into cells. There are studies to identify methods to 
deliver RNAi for fractures which can be caused by osteoporosis. Investigators have 
developed a material to prevent bone resorption caused by osteoclasts [45]. The 
studies targeted RANK, which is involved in the development of osteoclasts [42]. 
Resorbable polymer, poly(lactic-co-glycolic acid) (PLGA) microparticles were de-
veloped for the purpose of delivering RNAi to the bone to reduce the develop-
ment of osteoclasts. The studies investigated passive entry of the microparticles into 
osteoclast precursors and differentiated osteoclasts to deliver RANK siRNA. The 
studies showed specific internalization into osteoclasts. These studies on osteoclasts 
are discussed in this chapter because this could be a strategy to prevent osteoporosis 
that occurs with cancers such as those of the prostate and the breast [28].

Here, we also discuss an option to deliver RNAi by extrapolating on what is 
known about mesenchymal stem cells (MSCs) and their attraction to the site of 
cancer. MSCs are attracted to tumor sites [48]. This property of MSCs has been 
explored to deliver anticancer drugs [48]. This could be applied by loading MSCs 
with miRNA-containing exosomes since the MSCs have been shown to release 
exosomes when in contact with glioblastoma [20]. Another method could be the 
exploration of intercellular communication between MSCs and cancer through gap 
junction for the exchange of miRNA exchange [25]. This method might benefit the 
elimination of the cancer cells that is currently difficult to target, that is, the cancer 
stem cell subset [30].
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Abstract The human genome was once thought to be a redundant sequence contain-
ing few functional regions coding for proteins. This teaching is being rewritten as we 
continue to understand the vast complexity of the noncoding regions of the genetic 
code. These regions we now understand are transcribed into small single-stranded 
segments or microRNAs (miRNAs) that participate in the regulation of gene expres-
sion. miRNAs interact across many pathways and thus have the potential as targets 
for oncologic therapies. Their efficacy is limited because methods to traverse the 
many biologic barriers are yet to be developed. In order to achieve effective thera-
peutic levels at the site of interest, the tumor, the miRNA must be shuttled to the 
site and simultaneously be protected from the body’s defensive mechanisms. To this 
end, scientists have developed many vehicles for delivery at both the micro- and 
nanoscale using both synthetic and biologically derived vectors. Viral vectors con-
tinue to be the most commonly used vehicles, but are plagued by complications 
related to the vector itself. These inadequacies led researchers to explore synthetic 
materials such aspolylactic co-glycolic-acid (PLGA), silicon, gold, and liposomes 
to overcome the biobarriers of our body. While these vehicles have shown promise, 
problems such as high clearance rates, poor tumor accumulation and targeting, and 
adverse reactions have limited their translation into the clinic. In order to overcome 
these problems, a multistage theory was developed. By decoupling the tasks required 
of the carrier system, the multistage delivery system is able to simultaneously protect 
the payload, target the site of interest, and deliver the payload in therapeutic con-
centrations. This presents a paradigm shift in the concept of drug delivery and may 
provide the solution to the limited translational gene therapy in oncology.

Keywords miRNA · Drug delivery · Nanotechnology · Multistage delivery · Viral 
vector · Nanoparticles · Silicon · Liposomes
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1 Introduction

In the past, it was believed that the only functional product of any given gene was 
a protein, and that the noncoding sequences in the genome were nothing but rem-
nants of evolutionary redundancy. This principle of the central dogma taught for 
years was revolutionized with the discovery of lin-4, a gene of the Caenorhabditis 
elegans larvae found in development that represses LIN-14 protein expression and 
thus developmental timing [1, 2]. The lin-4 gene does not encode a protein, but 
 instead a pair of small RNA molecules with sequence complementarity to lin-14, 
and in fact represses its expression through RNA–RNA interaction [1].

The functionality of therapeutic RNAs is based on the catalytic process of 
naturally occurring 15–22-nt single-stranded RNA that couples with the cytoplas-
mic multiprotein complex RNA-inducing silencing complex (RISC) to pair with 
messenger RNAs (mRNAs) carrying complementary sequences to repress gene 
expression [3, 4]. The discovery of these small RNAs, later known as microRNA 
(miRNA), by Victor Ambrose represented the first example of gene expression reg-
ulation by endogenously produced RNA molecules.

Since the discovery of lin-4, miRNAs have been identified in organisms ranging 
from plants to humans. It has been shown that up to 3 % of human genes encode 
for miRNAs and that up to 30 % of human protein-coding genes are regulated by 
miRNAs [5, 6]. The interconnectivity of the regulation of protein expression and 
miRNA regulation has yet to be fully elucidated. What is clear is the opportunity for 
miRNAs to be used as both diagnostic and therapeutic entities. The frequent aber-
rant expression and functional implication of miRNAs in human disease have ele-
vated these molecules from the ranks of redundant cellular components to preferred 
drug targets [7–9]. With approximately 1,400 human miRNAs known to date, a new 
pool of therapeutic targets with a new mechanism has emerged [6]. Additionally, 
acting not only as targets, but also as agents themselves, miRNAs possess the capa-
bility to suppress a broad range of oncogenes and oncogenic pathways deregulated 
in cancer [8]. As our view of cancer evolves as a heterogeneous disease process 
unable to be successfully treated by attacking a single gene or gene product, so does 
the therapeutic potential of miRNA as multifaceted multitarget agents capable of 
disabling systems rather than select cellular components [7, 10–12].

Because cancer genesis and progression involve the loss of endogenous  regulatory 
controls of essential cellular processes, the treatment of malignancies is extremely 
challenging. Current chemotherapeutic regimens continue to rely on heavy dosing 
to overcome their low cancer specificity and poor penetration  [13–15]. Immuno-
targeting strategies have aided tumor targeting, but they still fall short of being 
substantially efficacious across a wide range of tumor types and are often limited in 
their scope because of the specificity of their targets [16, 17]. Because they interact 
with multiple pathways and convergence points of tumor suppression, miRNAs are 
ideal candidates for delivery.

Several advancements in cancer treatment have been developed over the last cen-
tury to control and eradicate the disease [18]. Currently, the leading treatments for 
cancer are surgery, chemotherapy, and radiotherapy [11, 19, 20]. Further innovations 
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have been made over the years to overcome weaknesses and side effects that may 
arise with these treatments [21]. While many novel approaches to the noninvasive 
diagnosis and treatment of cancer have emerged, effective penetration of the tumor 
and specific cancer cell targeting remains an obstacle, resulting in multiple adminis-
trations of current therapeutics, and for prolonged periods. This could lead to renal, 
cardiac, hepatic, and neurologic toxicities.

To overcome these disadvantages and enable a greater efficacy of treatment, 
novel drug delivery systems have emerged as prospective vehicles to carry and 
deliver the therapeutic payload. Vectors derived from natural and synthetic materi-
als have been used to deliver oligonucleotide fragments with inhibitory and restor-
ative functions to cancer cells in hopes of achieving greater therapeutic efficacy 
than the currently commercially available drugs, which are fraught with side effects 
and shortcomings.

2 MicroRNA as Pharmaceutical Agents

2.1  MicroRNA Characteristics, Comparisons, 
and Biogenesis

The discovery and characterization of several classes of small (~ 20–30 nt), 
 noncoding RNAs during the last decade changed the field of molecular biology. 
This  family of RNA is capable of regulating gene expression and can be classi-
fied into three main categories: miRNAs, short-interfering RNAs (siRNAs), and 
piwi-interacting RNAs (piRNAs). The piRNAs are single strands found mainly in 
animals; they act primarily in the germline and will not be discussed [22, 23]. In 
contrast, siRNAs and miRNAs show similarities with regard to structure, biogene-
sis, and repression of translation. However, it is the diminutive differences between 
siRNAs and miRNAs that point to disparities in function and therapeutic potential.

Both siRNAs and miRNAs are ~ 21–23 nt long, have double-stranded precursors 
(double-stranded RNA, dsRNA) of a guide strand (miRNA strand) and passenger 
strand (miRNA* strand) [22, 24]. These precursors undergo extensive splicing and 
refinement via their respective RISC before interacting with target mRNA [22, 25]. 
Both classes’ biogenesis is utterly dependent upon two protein families composed 
of specific domains: dicer enzymes (PAZ, 0–2 dsRNA-binding domains (dsRBDs), 
and tandem RNase III domains) to separate them from their precursors, and Argo-
naut (Ago) proteins (PAZ, PIWI, N-terminal (N), and middle (Mid) domains) that 
are central to the RISC and allow the complex unwinding, base pairing, and cleav-
age described later (Fig. 19.1) [22, 26–28]. Additionally, both classes have highly 
reprogrammable silencing effects due to predictable Watson–Crick base pairing 
recognition of gene targets, and both can dynamically redirect such silencing de-
pending on changing genomic demands (miRNA) or threats (siRNA) [22, 29–31]. 
Both siRNAs and miRNAs have nuclear and cytoplasmic phases of refinement, 
but they preferentially exist/function in the cytoplasm, lose their aforementioned 
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passenger strand during unwinding in the RISC, and can act by direct nucleolytic 
degradation, histone methylation, or heterochromatin formation [22, 25, 26, 28, 30, 
32–36]. These two classes do, however, have notable differences.

Fig. 19.1  Schematic of miRNA processing in the cell cytoplasm. As the primary mRNA transcript 
is shuttled from the nucleus to the cytoplasm, it associates with the DCR complex, where the dou-
ble strand is extensively spliced. Following splicing and refinement, the precursors then associate 
with the RISC complex before interacting with their target mRNA. (Reproduced from [28] with 
permission from Nature Publishing Group)
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Differentiation of miRNAs/siRNAs has classically and simply been based on 
their origin and precursor characteristics. The sources of siRNAs are extensive, 
but the majority are exogenous linear, base-paired dsRNA like viruses, transgenes, 
transposons, etc. that are either directly introduced into the cytoplasm or actively 
taken into the cell as an endosome from the environment and are thought to function 
as guardians of genomic integrity [22, 24, 37, 38]. This was classically viewed in 
stark contrast to miRNAs—perceived as intentional, endogenous products of a host 
genome in response to an inherent genomic need, and far more conserved across 
related organisms [3]. However, recent evidence shows that endogenous siRNAs 
can be derived from hairpin RNAs, centromeres/telomeres, naturally occurring 
sense–antisense pairs like convergent mRNA transcripts or pseudogene antisense/
mRNA sense transcript duplexes [22, 37, 39, 40]. While siRNAs are cleaved from 
long, complementary dsRNAs, miRNAs are refined from incomplete dsRNA pri-
mary miRNAs (pri-miRNA) in what is called a “stem loop” with important flanking 
segments [3, 22, 23]. Additional differences have been discovered in the structure, 
processing, and mechanisms of repression by siRNAs and miRNAs.

A central difference between most siRNAs and miRNAs is the exactness of their 
3′ and 5′ ends, as miRNA duplexes have very precise ends, with siRNAs showing 
much greater variability [3, 22]. It is this feature that is believed to afford miRNA its 
enhanced target specificity despite often imperfect central base pairing. Conversely, 
siRNA typically depends on perfect substrate complementarity for silencing, but 
may still function in the face of mismatches in an miRNA-like manner, despite 
suppressed endonucleolytic cleavage activity [22, 25, 26, 37, 40]. Often, siRNAs 
undergo amplification, with secondary siRNA generation via RNA-dependent RNA 
polymerase (RdRP) enzymes, causing a sustained response [22, 28]. This has been 
studied most extensively in other eukaryotes. miRNAs are unique in the fact that 
they may arise from either a dedicated transcription unit or one that makes sev-
eral products, they may be cotranscribed with a protein within an intron, and they 
exhibit combinatorial regulation—target specificity across a variable number of 
mRNAs and the sharing of a common mRNA target by several different miRNAs 
[22, 33, 41, 42]. The broad possible effect on multiple cellular pathways allowed by 
miRNA is quite different than the target specificity required for RNA interference 
(RNAi) by siRNA. Finally, miRNA–RISC (miRISC) complexes require additional 
proteins like GW182 for silencing activity and are believed to repress genes by ad-
ditional mechanisms to the canonical cleavage and nuclease degradation preferred 
by siRNA, such as deadenylation/decapping, inhibition of mRNA circularization, 
and premature ribosomal dissociation [25, 31, 36, 43, 44].

2.2 Mechanisms of Silencing

Although the steps and machinery required for miRNA biogenesis and refinement 
have been well characterized, more robust theoretical debate has surrounded its 
functional mechanisms of genomic silencing. We know that a pri-miRNA first trav-
els to the nucleus for a critically precise cleavage of its stem loop from surround-
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ing RNA by an RNase III/dsRBD complex (Droscha/DGCR8 in mammals) before 
travelling to the cytoplasm, where the Dicer enzyme separates the terminal loop 
from its pre-miRNA stem, making a duplex of mature miRNA that is ~ 22 bp in 
length [3, 22, 45, 46]. This miRNA is quickly unwound when assembled with Ago 
and associated proteins in the miRISC, which guide it to mRNA targets with vari-
able complementarity, so they may be silenced and/or degraded [31, 47]. Protein 
expression is repressed by miRNA through degradation and decay, inhibition of 
translation initiation, inhibition of translation elongation, and translation abruption 
via ribosomal dissociation (Fig. 19.2) [28, 31, 48].

Target mRNAs with exact complementarity to the guide miRNA strand can 
undergo Ago-catalyzed cleavage/degradation, while those containing centrally lo-
cated mismatches have their translation repressed by another mechanism. These 
mismatched targets may be sequestered for decay within cytoplasmic P bodies—
containing Argonaut proteins, GW182, deadenylase complexes, decapping machin-
ery, and an RNA helicase [30, 31, 49, 50]. Recent evidence suggests that such a 
destabilization of mRNA target transcripts accounts for a greater percentage of the 
diminished protein production observed [51, 52]. Studies have shown that miRNA 
can halt translation before it begins initiation by binding the essential cap-binding 
protein eIF4E to central phenylalanine residues on Argonaut, or competitive inhibi-
tion at the methylated cap structure [31, 53]. Finally, miRNA is believed to inhibit 
early translation by the binding of eIF4E, subunit recruitment, causing their early 
dissociation, as well as interfering with translation elongation [22, 31, 48]. Until 
recently, the timing and contribution of these mechanisms were unknown. Ribo-
somal and initiation effects are now confirmed to occur early before decay, while 
translational repression is the primary mechanism observed on new targets and con-
firmed to occur prior to deadenylation or decapping causes of degradation, which 
are prominent mechanisms at steady state [48, 50, 54–56].

2.3  Dysregulation of miRNA in Cancer and Its Potential  
Clinical Implications

Given their ability to affect protein production at the genomic level, it is not sur-
prising that miRNAs play significant roles in nearly every cellular process from 
development through apoptotic death. Indeed, several in vitro and in vivo stud-
ies have proved this to be true, demonstrating key regulatory roles for  miRNA 
in:  embryological development, stem cell proliferation and differentiation, 
 organogenesis, metabolism, apoptosis, angiogenesis, muscular, neuronal and im-
mune cell  development and function, and more [3, 47, 57–60]. Such intertwining 
of  miRNA and normal cellular function thus makes their dysregulation a prime 
suspect in the genesis of both benign and malignant diseases. Experimental 
 evidence has  confirmed this suspicion and generated useful databases, revealing 
links between miRNA  dysfunction and many benign diseases, from cardiovas-
cular disease to  myasthenia gravis, and from Tourette syndrome to scleroderma 
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[61–66]. Likewise, altered miRNA expression in human cancer is the rule rather 
than the exception.

Numerous associations exist between various cancer subtypes and specific 
miRNA aberrances, and we now know the potential of miRNA to serve as an ear-

Fig. 19.2  Mechanisms of miRNA silencing. Silencing by miRNA can occur through several mech-
anisms at different points throughout the protein translation phase. Posttranslational inhibition of 
protein elongation or posttranslational protein degradation may be affected (a, b). Interference 
with the formation of the ribosomal translational unit will inhibit translation (c, d). Pretranslation 
modifications, such as deadenylation or decapping, will prevent proper translational processing 
and result in early degradation (e, f). (Reproduced from [31] with permission from Elsevier)
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ly biomarker of disease and predict cancer stage, outcomes, and predilection for 
metastasis. Genomic mapping and miRNA profiling have generated expression 
 signatures (miRNome) of many cancer tissue types and validated the presence of 
several miRNAs in chromosomal loci with known cancer-associated abnormalities. 
These include oncogene/tumor suppressor networks that harbor fragile sites, muta-
tions, or deletions as exemplified by miR-15a and miR-16-1 in chronic lymphocytic 
leukemia (CLL), single nucleotide polymorphisms (SNPs) as seen in lung cancer, 
changes in promoter site transcription factor activity as seen with miR-34 and p53, 
or amplifications [67–71]. Key miRNAs in the structure of such networks were first 
coined “oncomirs” in 2005, and their expression profiles parallel respective cancer 
pathophysiological features, while serving as attractive potential targets of directed 
anticancer therapy [72, 73]. These oncomirs reciprocally modulate oncogenes or 
tumor suppressor genes by way of amplification or deletion/repression, respective-
ly, to affect oncogenesis [74–76]. Introducing or repressing a single miRNA has 
proven sufficient for oncogenesis, best shown by miR-155 [68, 77, 78].

Altered methylation is well documented in human cancer and serves as its best epi-
genetic marker. The discovery of global hypomethylation compared to normal tissues 
was followed by observations of tumor suppressor gene inactivation via hypermeth-
ylation of promoter cytosines preceding guanines (CpG) islands, which we now know 
occur as “hypermethylome” profiles that are specific to cancer types and may enhance 
diagnosis, prognosis, and following treatment response [79–83]. Likewise, over half 
of the miRNAs are linked with CpG islands, and dysregulated  miRNA expression in 
cancer is often plagued by epigenetic changes in either  methylation or histone deacet-
ylation (HDAC) and defects in miRNA biogenesis machinery (e.g., Drosha, Dicer, 
DCGR8, Lin-28) [84–87]. Examples include hypermethylated  (downregulated) tu-
mor suppressor miRNAs (TS-miRNAs), like miR-9-1 in breast cancer, miR-34b/c in 
colon cancer, and miR-127 in several cancers including both those of the breast and 
colon, as well as conversely hypomethylated oncogenic  miRNAs (oncomiRNAs) like 
miR-21 in ovarian cancer [68, 70, 86, 88–90]. Since methylation and histone altera-
tions are reversible events, further targeting the  existing armament of demethylating 
agents and HDAC inhibitors to restore endogenous miRNA function represents an 
interesting potential shift in future cancer chemotherapy.

The oncogenic or tumor suppressive ability of several miRNAs has been clearly 
elucidated, and specific miRNAs are connected to essential cellular hallmarks of 
cancer (Fig. 19.3), thus establishing the need for these small entities as central sub-
strates in our knowledge pursuit and therapeutic goals within the cancer  paradigm 
going forward. The original TS-miRNAs described were members of the let-7 
 family, found to be modulated by p53 and downregulated in many cancer types 
with compromised interactions with several putative targets (MYC, RAS, HMGA2, 
FOS) [84, 87, 91]. The archetypal oncomiRNA is represented by miRNA-17-92 
cluster, nicknamed “oncomiR-1.” This oncomiR is linked to several cancer types 
with putative targets, such as MYC, Bim, tsp-1, and phosphatase and tensin  homolog 
(PTEN) [68, 71, 72, 85]. Several other oncomirs have subsequently been identified 
studied to provide “signatures” for human cancers (Tab. 19.1) [8]. Breast cancer is 
one of the best characterized for miRNA signatures [68, 73, 91–93]. A similar signa-
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ture has also been developed for lung cancer [68, 73, 91, 92, 94, 95]. These targets 
show great promise for therapy and biomarkers for diagnosis,  prognosis, treatment 
response, and predicting invasion/metastasis.

The stability of miRNA in vitro, degree of conservation in vivo, and verified 
presence in circulating serum make it a good theoretical agent for diagnosis [91]. 
miRNA profiling has proven to be more accurate than mRNA in reliably classify-
ing tissues of origin in both primary and metastatic tumors due to their similarly 
conserved miRNA expression, showing great potential for diagnosing the origin of 
metastasis of unknown primary origin [68, 96]. Many miRNAs have demonstrated 
links with cancer aggressiveness and outcomes as well. The first link was shown 
in 2005 between prognosis and progression of CLL and a unique 13-gene miRNA 
signature [97]. High miR-193a and low miR-191 levels are associated with shorter 
survival in melanomas [68, 98]. Additionally, it was later discovered that downreg-
ulation of miR-17-5p, -381, and let-7 and upregulation of miR-155 are predictive of 
poor prognosis/survival in lung cancer [99–101]. Certain miRNAs either promote 
(miR-10b and -21) or reduce  (miR-200 family, -205) invasion and metastasis in 
breast cancer, and silencing  miR-10b in mice successfully inhibits metastasis [68, 
94, 102–104]. Both miR-126 and miR-335 suppress the “epithelial–mesenchymal 
transition” (EMT) necessary for metastasis in breast and lung cancer [92].

Fig. 19.3  MicroRNAs involved in targeting the hallmarks of cancer. (Reproduced from [68] with 
permission from John Wiley and Sons Publishing Group)
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Even hormone receptor (ER) status and predictive response (PR) to hormone-
based therapies in breast cancer can be predicted by miRNA. Various patterns 
of decreased miR-145/-125b and increased miR-21/-34/-155/-375 together can 
mirror tumor ER/PR expression, stage, proliferation index, or vascular invasion  
[73, 105–107]. Overexpression of miR-221/-222 is responsible for resistance to 
antiestrogenic therapies, while improved responsiveness to tyrosine kinase inhibi-
tors via HER3 targeting is seen with ectopic expression of TSmiR-205 [108, 109]. 
These far-reaching and “awe-inspiring” data provide a wide base of validity and 
enumerable targets for pursuing novel miRNA-based cancer therapies or diagnostic 
modalities. However, as is often the case, the question looms just how far behind 
our technical ability trails our current knowledge base.

3 Mimicry vs. Antagonism

Theoretically, miRNA therapy represents a superior approach to multi-pathway 
disease such as cancer, since multiple genes can be affected by targeting a single 
miRNA. Given the nature of miRNA as a natural inhibitor of gene/protein produc-
tion and function, it follows that there are two possible approaches for miRNA-
based therapies: mimicry (replacement) or antagonism. At the phenotypic level of 
cellular machinery, these are experienced as loss or gain of function effects, respec-
tively; and pertaining specifically to cancer, they represent repression of oncogene 
or restoration of tumor suppressor activity. Technically speaking, antagonists act 
upstream from the RISC outside of P bodies and mechanistically resemble siRNA 
or small-molecule inhibition, while mimicry is likened to traditional gene therapy 
and acts via miRNA replacement downstream of the RISC [7, 110]. The effect(s) 
of either mimics or antagonists can be followed by functional studies of their target 
genes and individual or genome-wide miRNA expression profiling [91].

miRNA mimics are either single- or double-stranded RNA molecules, which 
form a complex with RISC to suppress the target genes on the intended target of 
native miRNA. Double-stranded mimics are preferred due to 100–1000-fold great-
er potency as compared to single-stranded versions, as the passenger (miRNA*) 
strand may interact with either the mature miRNA or its precursor form [77, 111]. 
Although likened to gene therapy, miRNA mimicry has potential advantages due 
to its smaller size, ability for systemic administration, and the need for cytosolic 
entry for functional changes [77]. In addition, miRNA profiling of cancers indi-
cated changes in miRNAs, suggesting their roles in oncogenesis. miRNAs could be 
tumor suppressors since their inhibition resulted in enhanced tumorigenesis. Since 
the miR mimics are identical to endogenous miRNA, the mimics should target the 
same mRNAs, making off-target cytotoxic cellular effects less likely. One mimic 
has been shown to modulate multiple oncogenic targets and pathways [9, 77, 112].

Evidence from animal studies has demonstrated the potential validity of miRNA 
replacement therapy. The miRNA let-7 suppresses RAS and is decreased in breast 
and non-small cell lung cancer (NSCLC), and replacement therapy with mimics in 
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mouse models reduces existing tumor growth and stops proliferation of cancer cells 
[77, 84, 113–116]. Similar mimicry of miR-34a, a transcriptional target of p53 that 
is lost or repressed in most cancer types, showed inhibition of lung tumor growth in 
existing tumors with low miR-34a levels and protection from tumorigenesis in cells 
with normal levels, implying a protective role [7, 77, 117, 118]. Numerous other 
examples exist, including miR-16 and prostate cancer, miR-205 and breast cancer, 
and miR-26a and hepatocellular cancer [93, 119, 120].

Antagonists inhibit oncomiRNA that has acquired a gain of function. They are 
collectively known as anti-miR oligonucleotides (AMOs) and may take the form 
of anti-miRs, antagomiRs, or locked nucleic acids (LNAs) and are also useful in 
functional studies confirming miRNA target sites [121–123]. Similar to RNAi using 
siRNA, efficient antagonism depends on sufficient binding specificity for inhibi-
tion/degradation. The most common method uses antisense single-stranded oligo-
nucleotides containing complementary, sugar/phosphate chemically modified back-
bone analogs (e.g., 2′-O-methyl, 2′NH2, phosphorothioates) with enhanced RNase 
protection and affinity for endogenous miRNA that sequester it from its RISC pro-
cessing and promote degradation [7, 52, 121, 123]. Their length and composition 
can be fine-tuned for improved circulation time, cellular internalization, etc., and 
endogenous miRNA targets can act as biomarkers of efficacy and optimization [7]. 
“AntagomiRs” are analogs with a 3′ cholesterol moiety that were first coined in 
2005 with evidence of their inhibition in mice [124]. Important antagomiR charac-
terization has been done using antagomiR-16 and its target miR-122 in vivo in mice, 
demonstrating: dose and time dependency, a minimum length of 19 nt required 
for silencing, extensive target degradation that is “independent” of exonucleases, 
and interaction with miRNA in cytosol “outside” of P bodies [110]. AntagomiRs 
also display high sequence specificity with impaired silencing possible by only a 
single position-dependent mismatch [110]. AMOs are capable of downregulating 
the abundant miR-122 in the liver, which has two target sites within the hepatitis 
C viral (HCV) genome, and the first human clinical trial has been conducted using 
LNA anti-miR [68]. However, effective delivery is a main impediment to therapeu-
tic mimicry/antagonism, with great potential for improvement.

4 Negotiating Biological Barriers in miRNA Delivery

The promise of in vitro efficacy of miRNA for cancers is dampened by the 
 limitation to effectively deliver the miRNA to the site of interest [125–128]. The 
body’s  natural protective barriers such as serum nucleases, vascular  endothelium, 
 interstitial and oncotic pressure, and the cell wall have made the targeting and 
treatment of tumor cells particularly challenging (Fig. 19.4) [128, 129]. The great 
 obstacle in  engineering therapeutics, though, is often not the synthesis and char-
acterization of the agent, but rather overcoming the many biobarriers of the body 
without  damaging the  integrity of the payload, in this case miRNA. By under-
standing the critical  barriers to overcome, one could exploit these mechanisms to 
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develop solutions that  preferentially direct the activity of therapeutic agents and 
 sequentially negotiate those barriers for effective targeting and treatment. Because 
of these  hurdles, the successful application of miRNAs as a cancer therapy has been 
limited [119, 130, 131].

The site of action of miRNA therapeutics occurs in the cytosol. The barriers 
to successful delivery of miRNA to the point of action in the cytosol or the nu-
cleus are many and depend on the targeted organ and the route of administration. 
 Locoregional administration of miRNA has fewer barriers compared to systemic 
delivery. For example, intranasal delivery of viral particles with let-7 miRNA in a 
KrasG1D/ + autochronous NSCLC mouse reduced tumor burden [115]. The efficacy 
of this delivery route was comparable to systemic delivery of let-7 in a neutral lipid 
emulsion in the same NSCLC model [132]. Many times this is not the case and one 
requires an understanding of the complex barriers to be able to achieve effective 
systemic delivery of miRNA.

4.1 Challenges: Serum Nucleases

The intravenous injection of miRNA poses significant challenges, beginning at the 
site of intravascular injection where the miRNA can be degraded. The first of many 
barriers encountered by delivered miRNA therapeutics are serum nucleases [133]. 

Fig. 19.4  The highly efficient biological barriers of the body present themselves as obstacles to 
the delivery of injected chemicals, biomolecules, nanoparticles, and any other therapeutic foreign 
agents from reaching their site of action. The barriers include the reticulo-–endothelial system, 
endothelial/epithelial membranes, complex networks of blood vessels, abnormal flow of blood, 
and interstitial pressure gradients (a). The tumor cells also pose additional barriers: cellular/
nuclear membranes and ionic/molecular pumps that can expel drugs from the cancerous cells cre-
ating drug resistance (b). (Reproduced from [129] with permission from Nature Publishing Group)
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The major class of these nucleases includes 3′ exonuclease, although internucleotide 
cleavage of bonds has been reported [134]. Naked oligonucleotides can be degraded 
by serum nucleases. Modifications of miRNAs were attempted to protect them from 
systemic nucleases. These included the addition of adenosine or uracil residues to 
the 3′ end of the RNA [135–137]. In other methods, the delivery vehicles such as 
polymers have also been shown to protect the miRNAs. Endogenous miRNAs have 
been found intact in serum bound to RISC proteins such as Ago2 protein and within 
exosomes [138]. Thus, an understanding of endogenous protection could lead to a 
rational design of molecules capable of evading serum nuclease activity.

4.2 Biodistribution and Renal Clearance

In order to achieve an effective therapeutic index, a proposed agent must accumulate 
within the system or at the site of interest in sufficient amounts so as to have a thera-
peutic effect [139]. In the design of oligonucleotides administered as  individual mol-
ecules or encapsulated within polymers, consideration must be given to the clearance 
mechanisms of the liver and kidney. The liver’s role in clearance is more prominent 
when the oligonucleotides are associated with nanoparticles [140]. Clearance by the 
kidney, on the other hand, has been demonstrated in nanoparticle and non-nanopar-
ticle-based miRNA therapeutics [141]. Studies that characterized the clearance of 
antisense oligonucleotides were extensively reported during the 1990s [142–144]. 
Many of these studies were focused on protein-bound oligonucleotides or those with 
a phosphorothioate backbone. While protein bound, the main route of elimination 
was found to be in the urine, and the major organ of accumulation was found to be 
the kidney. Important features of oligonucleotide pharmacokinetics emerged from 
these studies. These include the following: (1) The biphasic plasma half-lives of 
oligonucleotides are in the range of minutes for the distributional phase and in the 
range of minutes to hours in the elimination phase. This indicates that without tar-
geting or protection from nonspecific organ  accumulation, miRNAs may be elimi-
nated before any desired effect. (2) Oligonucleotides are accumulated in the liver 
and kidney but not the central nervous system. (3) In general, the information on 
the  pharmacokinetic studies of phosphorothioate  oligonucleotides in lower animal 
models such as rodents can be applicable to humans [145]. Animal models reported 
that the biodistribution of siRNA duplexes was similar to single-stranded antisense 
molecules, with highest uptake in kidney followed by liver [146, 147]. Interestingly, 
although found circulating in the blood bound to protein or within exosomic vesicles, 
these  circulating miRNAs are not cleared by hemodialysis, suggesting these mecha-
nisms as potential vehicles for effective protection of antisense oligonucleotides in 
the blood [148]. Clearly, uptake by the reticuloendothelial system (RES) plays a 
critical role in the delivery of miRNAs and other oligonucleotides. Further under-
standing the mechanisms that govern uptake into these RES-rich organs will allow us 
to design and deliver oligonucleotide carriers to achieve greater efficacy.
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4.3 Clearance by the RES

In addition to circulating nucleases and renal clearance, a major barrier to effective 
in vivo delivery of antisense drugs is clearance by the RES [133]. Phagocytic cells, 
including circulating monocytes and tissue macrophages, whose physiological 
functions are to clear the body of foreign pathogens, remove cellular debris that is 
generated during tissue remodeling, and clear cells that have undergone apoptosis 
comprise the RES [149]. These cells, named Kupffer cells in the liver, or known 
simply as splenic macrophages, can detect and eliminate antisense oligonucleotides, 
such as miRNAs or siRNAs. Further, these same cells are capable of  eliminating the 
nanoparticle carriers into which antisense drugs may be loaded [150]. This clear-
ance may occur through various opsonization mechanisms including immunoglob-
ulins, complement components, and other serum proteins.

Following administration, nanoparticles are detected by the immune system and 
tagged by proteins identifying them as foreign bodies and sequestering them for 
elimination. Several factors such as carrier surface charge, size, and surface char-
acteristics may affect RES uptake [151, 152]. These characteristics have been used 
to target drug carriers to RES organs [153, 154]. Sites outside this system, though, 
continue to be elusive in their targeting. Immunoglobulin opsonization leads to Fc 
receptor activation and internalization characterized by cytoskeletal rearrangement, 
pseudopodia extension, and engulfment of the opsonized particle [155]. Comple-
mentopsonized particles are internalized by complement receptors such as CR1, 
CR3, and CR4, members of the integrin family of heterotrimeric  membrane pro-
teins. While CR1 is involved in particle binding to the macrophage membrane, 
CR3 and CR4 mediate internalization. Lastly, lipopolysaccharide (LPS) and modi-
fied lipoprotein opsonization not only targets particles, but also targets naked 
 oligonucleotides. The scavenger receptors that recognize these ligands found in the 
liver and spleen are suggested to be responsible for the uptake of monomolecular 
 oligonucleotides [156, 157].

4.4 Endothelial Barrier

The endothelial cells lining the vascular lumen present both a barrier and an oppor-
tunity for oligonucleotide-based therapeutics [133]. Endothelial cells line the vas-
culature, adhering tightly to the underlying extracellular matrix largely via integrins 
and forming junctions with each other via several types of cell–cell adhesion mol-
ecules, including vascular endothelial (VE)-cadherin, junctional adhesion  molecule 
(JAM), occludins, claudins, and platelet endothelial cell adhesion molecule (PE-
CAM) [158]. The integrity of the endothelial junctions is influenced by complex 
signal transduction processes that respond to a variety of mediators. For example, 
microvascular transport of macromolecules increases during inflammation [159]. 
This process, often driven by diffusion, is due to shifts in the  concentration gradi-
ents between the inside and outside of the vessel wall. Transvascular fluid transport 
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is driven by the difference in hydrostatic and osmotic pressures between the blood 
vessel and interstitial space. When delivering particulates, the upper size limit of 
diffusion is limited by the pore size of the capillary. In the case of inflammation, 
these pore sizes can increase, altering the normal gradients and allowing greater 
diffusion [160–162].

Angiogenesis is a known and widely accepted mechanism of tumor growth and 
survival. A mixture of heterogeneous precursor cells and preexisting normal vascu-
lature makes up the new sprouting vessels [163]. The tumor blood vessels generat-
ed from aberrant mechanisms of tumor survival are structurally and  architecturally 
different from the normal vasculature [164]. The combination of constitutively 
activated genes and heterogeneous cell populations develops abnormal vascula-
ture marked by precocious capillary sprouting, convoluted and excessive vessel 
branching, distorted and enlarged vessels, erratic blood flow,  microhemorrhaging, 
leakiness, and abnormal levels of endothelial cell proliferation and apoptosis 
[165]. Structurally, the dense vascular networks are not organized into venules, 
arterioles, and capillaries as seen in normal anatomy, but rather are a chaotic or-
ganization of loops and arcs that encircle clusters of cancer cells. Architecturally, 
the vessels themselves have an atypical basement membrane, a high percentage 
of  hyperproliferative endothelial-like cells, and a decreased number of pericytes 
[166]. Directed by the cancer cells, the resulting vessels have large intercellular 
openings between the endothelial cells that are not present in normal continuous 
vasculature [167–169]. These fenestrations are known to range in size from 100 nm 
to 10 µm and are exploited in many nanomaterial-based therapies [170, 171]. Due 
to the leakiness of these vessels, the major pathway of drug transport across tu-
mor microvasculature is by extravasation via diffusion and/or convection through 
the discontinuous endothelial junctions, whereas transcytosis plays a relatively 
minor role. This leakiness promotes not only drug carrier extravasation, but also 
protein transport, leading to high interstitial compartment pressures and reduced 
 transvascular transport [169, 172].

4.5  Extracellular Matrix Compartment and 
Subcellular Distribution

The interstitial compartment of solid tumors is mainly composed of extracellular 
matrix proteins, interstitial fluid, and a random organization of poorly formed ves-
sels. The distinguishing feature of the interstitium is the high pressure resulting from 
the lack of sufficient lymphatic drainage. The movement of small molecules in the 
interstitial space is governed by diffusion, while the movement of large  molecules, 
such as drug carriers, is governed by convection [173]. While diffusion  relies on dif-
fusion coeffecients and concentration gradient, the convection depends on hydraulic 
 conductivity and pressure difference. While the enhanced permeability and reten-
tion (EPR) effect allows the particles to accumulate to the tumor loci, it is the high 
interstitium pressure that allows extravasated particles to be pushed into the margin 
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of the tumor [174, 175]. This characteristic presents an additional biobarrier to the 
penetration of therapeutic agents into the tumor core as the transport is governed by 
the physical properties (charge, pH, lipophilicity, size, structure) of the subcompart-
ment and of the drug [173, 176]. This phenomenon of EPR within  tumor stroma 
elucidated by Maeda et al. supports the use of silicon microparticles as drug carriers 
because of the passive accumulation in solid tumor after  intravenous  administration 
[139, 169, 177, 178].

4.6 Inefficient Endocytosis and Endosomal Release

The cellular subcompartment represents the final barrier to therapeutic delivery. Ef-
ficient endocytosis and endosomal release are required to bring the payload to the 
site of action in the cytosol. Mechanisms like phospholipid bilayer, lysozomal and 
endosomal degradation, and efflux glycoprotein channels are particularly crucial 
to intracellular delivery of agents as small interfering RNAs and miRNAs, where 
cytoplasmic delivery is critical and endogenous degradation pathways prevent that 
delivery. Targets such as the previously mentioned TP53 pathway, Ras/Raf path-
way, and other various growth factor signal transduction pathways require this in-
tracellular delivery.

The plasma membrane is a significant barrier for miRNA uptake [179]. Despite 
their small size, the charge and hydrophilicity of miRNA molecules prevent them 
from readily crossing the plasma membrane [180]. While complexing to nanopar-
ticles or other delivery mechanism may target them to the cell itself, the entry of 
the system into the cell is critical for function. The integration of the payload into 
nanoparticles that are uptaking by cells may present an efficient of innovative 
mechanism for delivery.

The final barrier to effective targeting of miRNA is the release form the endo-
some [180]. Whether delivery by cationic lipids, nanoparticles, or cell-type-specific 
delivery reagents, the intracellular trafficking of miRNA begins in the early endo-
somal vesicles [180]. These early vesicles fuse with late endosomes with increas-
ingly acidic environments until, ultimately, they fuse with the lysosome [181]. The 
lysosomal compartment is the most acidic environment and will lead to the degra-
dation of any nucleic acids that may find themselves in that environment. The fate 
of the internalized molecules inside the fused vesicle depends on the specific type of 
bound receptors and includes the following: recycling back to the cell surface, deg-
radation in lysosomes, or release into the cytosol to interact with other intracellular 
components [182–185]. The endosomal entrapment contributes to the low trans-
fection efficacy of non-viral carriers and represents a final but significant hurdle 
to overcome in delivery. Various strategies such as liposomal delivery, hydrogen 
sponges, and cell-penetrating peptides have been developed to facilitate the release 
of oligonucleotides from the endosomal compartment in order to avoid lysosomal 
degradation [186–188].
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5 Vehicles of Delivery

5.1 Non-Nanoparticle Therapeutic Delivery

Successfully delivering miRNA mimics or antagonists to the tissue of interest while 
preserving their structural integrity remains a principal challenge [189, 190].  Several 
technologies have proven effective in delivering miRNAs to tissues: vector based 
(adenoviral and lentiviral (let-7)), atelocollagen, liposomes, porous silica, gold, and 
polylactic co-glycolic-acid (PLGA). Development of clinically  relevant  miRNA 
formulations frequently involves a thorough evaluation of  existing technologies to 
identify those that are amenable to miRNA and its chemistry.  Although synthetic 
modifications provide some degree of protection from nucleases and promotion of 
necessary cellular internalization as stated above, naked RNAs in biological fluids 
rapidly undergo nuclease destruction. This fact limits many therapeutic RNAi plat-
forms to local administration only, allowing a restricted number of amenable tissues 
and, often, only a fraction of diseased cells get adequate drug exposure. Systemic 
administration has many theoretical advantages, but besides nucleases, a horde 
of other in vivo barriers, from macrophages to renal clearance, impedes success-
ful miRNA delivery (Tab. 19.2). Critical criteria in the evaluation process are: (1) 
 sufficient delivery to induce a therapeutic effect and (2) a significant safety margin 
at therapeutic levels. Since the size and base chemical structure of miRNA are virtu-
ally identical to siRNA, many of the same therapeutic delivery platforms pioneered 
by siRNA-based RNAi show great promise for miRNA therapy. Methods of in vivo 
delivery have witnessed varied levels of success and side effects and are basically 
classified as either viral or non-viral, including but not limited to  conjugated RNAs, 
viral vector-based systems, and liposomal or polymer-based systems (Fig. 19.5).

The degree of nuclease degradation limits naked dsRNA use to local  injection 
in the eye, skin, or tumor, and even this local application has largely given way 
to newer conjugated or packaged iterations [191]. The cholesterol conjugation 
used with some AMOs is a simple mechanism to improve in vivo  performance. 
 Cholesterol enhances cell surface membrane receptor binding via associations 
with high-density (BI receptor) and low-density (LDL receptor) lipoproteins 
[191]. In addition to examples previously cited, such formulations are capable 
of inhibiting miRNA in liver, lung, kidney, heart, intestine, fat, skin, bone mar-
row, muscle, ovaries, and adrenal glands, albeit at high doses [110, 123, 124, 

Table 19.2  In vivo barriers to successful miRNA delivery
Degradation by serum and tissue proteases
Renal clearance through filtration of particles < 50 kDa
Failure to negotiate endothelium in organs other than liver and spleen
Phagocytosis by macrophages
Limited movement through polysaccharide rich extracellular matrix
Inefficient endocytosis by target cells
Unsuccessful endosomal release
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191]. Such need for higher doses may be secondary to the propensity for these 
 molecules to be sequestered from the cytoplasm by phagolysosomes [191]. 
AMOs also have difficulty reaching targets beyond certain biological barriers, 
 illustrated by antagomiR-16’s ability to  specifically inhibit miR-16 in brain 
 cortex when directly applied, but inability to reach these tissues via intravascular 
injection [124, 192].

5.2 Vector-Based Delivery: Lentiviruses and Adenoviruses

Vector-based therapies exhibit significant anti-cancer activity both locally and sys-
temically. There are essentially two vectors for the delivery of genetic material: viral 
based and non-viral based. Because many of the constructs used to deliver miRNA 
have been viral based, we will focus on those vectors. Because viruses have evolved 
to develop machinery to enter the cell, deliver, and integrate genetic material, they 
are excellent candidates for a vehicle to deliver miRNA [193–195]. Several viruses 
have been explored to deliver genetic material: retroviruses or lentiviruses like hu-
man immunodeficiency virus 1 (HIV-1), adeno- and adeno-associated viral vectors, 
herpes simplex, and poxviruses to name a few. Viruses with miRNA activity can 

Fig. 19.5  Current approaches to in vivo miRNA targeting. Because of the body’s multiple levels 
of biobarriers, researchers have investigated multiple animal models for delivery. miRNA target-
ing has evolved to include local injection, systemic, and intranasal delivery. (Reproduced from 
[68] with permission from John Wiley and Sons Publishing Group)
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be used as mimics or antagonists, and miRNA transcripts can augment classic gene 
therapy. Currently, the most commonly used vector for transport of miRNA or other 
oligonucleotides are adeno-associated virus (AAV) vectors and lentiviral vectors.

Lentiviruses are members of the viral family Retroviridae (retroviruses) that are 
characterized by the use of viral reverse transcriptase and integrase to stably insert 
into the gene [196]. Lentiviruses replicate in nondividing cells and can lyse the host 
cell if there is excessive replication [197, 198]. Lentiviruses can show differences 
in genome structure, pathogenicity, and receptor usage, depending on the species 
[199–201]. In most cases, viral delivery of genes is based on HIV-1.

HIV is a single-stranded positive-sense RNA of approximately 9 kb [202]. The 
three main open reading frames encode the major structural machinery of the virus: 
gag, pol, env. The gag gene encodes viral core proteins. The pol gene encodes the 
enzyme required for viral replication and env encodes the viral surface glycoprotein 
gp160 [196, 197]. In addition, the Tat and Rev genes encode proteins that control 
viral transcription, splicing, and nuclear exports of viral transcripts. HIV-1 is effec-
tive with regard to delivering genetic material into cells as compared to its nurine 
leukemia virus counterpart (Fig. 19.6) [203]. The HIV-1 has since become a vehicle 
for therapeutic delivery of genes.

As the complex molecular mechanisms of cancer continue to evolve, so do targets 
and therapies to treat cancer. miRNAs show promise for cancer therapy because they 
can target multi-pathways with the possibility of reduced toxicity [42, 204]. As dis-
cussed above, the mimic or antagomiR can easily be incorporated into virus for  cellular 
delivery [124, 205–207]. Experimentally, lentiviral vector overexpressing miRNAs 
was shown to demonstrate loss of function of specific genes in a  myelomoncytic cell 
line [208, 209]. Transgenes engineered to express miRNA-binding transcripts are 
called “miRNA sponges” or “decoys,” to compete with endogenous miRNAs [68, 
191, 210]. The sponges can be inserted into chromosomes and then induced to be 
expressed (“miRZips”) [191]. The expression of miRNA in rats caused organ failure 
and death, indicating that toxicity could be confound in miRNA therapy [191, 211].

In addition to the potential of using lentiviral vector-based miRNA for cancer, 
there is potential for other pathologies, such as abdominal aortic aneurysms and 
hypercholesterolemia [205, 212, 213]. Lentiviral delivery of miR-33 in mice was 
shown to lower HDL by repression adenosine triphosphate-binding cassette (ABC) 
transporter, ABCA1 [213]. Systemic injection of a locked nucleic acid-modified 
antagomiR targeting miR-21 diminished the pro-proliferative impact of downregu-
lated PTEN, leading to a marked increase in the size of AAA. Similar results were 
seen in mice with AAA augmented by nicotine and in human aortic tissue samples 
from patients undergoing surgical repair of AAA (with more pronounced effects 
observed in smokers) [205, 214, 215].

AAV vectors belong to the Parvoviridae family and are part of the  Dependovirus 
 genus. Twelve human serotypes (AAV serotype 1 (AAV-1) to AAV-12 have been 
 reported in addition to the more than 100 serotypes from nonhuman primates 
 [215–217]. The nonenveloped virus that packages a single-stranded DNA genome can 
only  occur in the presence of another virus, such as adenovirus or herpesvirus [218]. In 
the  absence of a helper virus, the AAV and specifically the serotype 2 can set up  latency 
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by integrating into the chromosome 19q13.4. This characteristic has made it the only 
mammalian DNA virus known to be capable of site-specific integration. Due to its lack 
of pathogenicity, its persistence, and availability of many serotypes, the translational 
potential of AAVs has soared for a variety of therapeutic applications [218].

Tumors are characterized by the global miRNA patterns [8, 89, 219, 220]. This 
presents a unique opportunity for therapeutic intervention that may span several 
tumor types at once, as many of the mechanisms that induce the tumorigenesis 
have commonalities in the miRNA patterns [221]. For example, therapeutic miRNA 
delivery of miR-26 through AAV in a murine model of liver tumorigenesis found a 
decrease in the proliferation of cancer, induced apoptosis with no evidence of toxic-
ity [119]. Adenovirus-expressing miR-133 was shown to reduce cardiomegaly and 
intranasal administration of adenovirus-expressing let-7a reduced tumor formation 
in a K-ras mouse lung cancer model [130, 222].

Retroviruses and lentiviruses incorporate their DNA into the host genome with-
out specificity, making insertional mutagenesis or oncogene activation serious 
 theoretical off-target effects of gene therapy, in addition to their immunogenicity 

Fig. 19.6  Viral vector antagonism. Schematic of a vector or virus to inhibit a miRNA. (a) The 
vector encodes multiple copies of perfectly complementary or bulged target sites (as shown) for 
a miRNA or miRNA family. The target sites are expressed at high levels by a strong RNA poly-
merase II or III promoter or by introducing a large number of vectors into a cell. (b) The target 
containing transcripts bind to the cognate miRNA, and because of excess target concentration 
saturate the miRNA. This limits the availability of the miRNA, and inhibits the regulation of its 
natural target mRNAs. The processing body ( P body) is a region rich in enzymes involved in 
miRNA turnover. niRNP, niRNA ribonucleoprotein complex. Reproduced from [29] with permis-
sion from Nature Publishing Group.
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[68]. The method of using virus for gene delivery can be adopted for miRNA by 
incorporating the transcripts or target sites into the 3′ untranslated region (UTR) of 
vectors. This has been demonstrated in studies using oncolytic viruses and miR-122 
in the liver, and miR-124 in neurons/glial cells [191, 223, 224].

The path for the successful use of viruses as vectors for gene therapy has 
been fraught with troubles, such as the death of a recipient in 1999 following 
the administration of high doses of adenovirus for gene therapy [225]. Since that 
 unfortunate event, many advances and optimizations to the technology have  occurred. 
But we must not forget that our interventions carry significant  consequences and we 
must judge our therapies with intense scrutiny before we consider their translation 
into humans.

5.3 Polymer-Based Delivery

Polymer-based oligonucleotide and gene delivery are considered to be safer than 
viral-based mechanisms for gene silencing with reduced insertional mutagenesis 
and phenotoxicity [226–228]. The advent of polymers/copolymers and lipid-based 
platforms expanded horizons in the world of biotechnology and bioengineering 
due to their favorable plasticity. Applied to RNAi, they overcome inherent (naked) 
miRNA physicochemical deficiencies and present advantages of biocompatibility/
degradability, easy tailoring of particle size, functional targeting ability, protection 
from nucleases, and release from endosomes.

The most widely studied/used polymer for RNAi is polyethyleneimine (PEI), but 
many others exist (e.g., PLGA, chitosan, gelatin) [229]. PEI is a polycation poly-
mer capable of complexing with DNA and protecting nucleic acids from nuclease 
degradation. PEI polymers can be synthesized in the nanoscale allowing for cellular 
endocytosis and also allowing for pH-buffering capability [230]. The number of 
positive charges in the polymer and negative phosphate groups within the RNA de-
termines the size and structure of the resulting complexes (termed “polyplexes” or 
“polymersomes”). The polyplexes act as a “proton sponge” to protect the RNA from 
degradation and to stimulate necessary endosomal rupture within the cytosol [229]. 
Decreased cancer cell proliferation and increased apoptosis have been achieved in 
vivo using atellocollagen/miR-34a and PEI/miR-145/-33a formulations, respective-
ly [231, 232]. In other studies, combinations of the cationic effects of PEI with the 
biocompatibility and physicochemical properties of polyurethanes (PUs) formed a 
PU–PEI polymer complex to deliver miR145 to treat lung adenocarcinoma (LAC) 
[233]. MiR145 was also identified as a candidate for therapy for LAC-associated 
cancer stem cells (CSCs). Experimental studies with nude mice treated LAC with 
PU–PEI-miR145 in combination with radiotherapy and cisplatin and this resulted 
in maximal inhibition of tumor growth [234].

Other biodegradable polymers have been investigated to deliver miRNAs. PLGA 
seemed to be one of the most successful biodegradable polymers currently used in 
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translational research (Fig. 19.7). PLGA is approved by the Federal Drug Adminis-
tration (FDA) and the European Medicine Agency (EMA) for drug delivery [235]. 
One advantage of PLGA is the control attainable by altering the co-polymeric ra-
tios to achieve long-term release [236]. PLGA, which is 50 % lactic acid and 50 % 
glycolic acid, is released when PLGA undergoes biodegradation. These monomers 
are quickly metabolized through the Krebs cycle resulting in minimal toxicity [237]. 
While  extremely biocompatible, the hydrophobic residues on the surface as well 
as the nanoparticle size make PLGA particle targets for the RES. Cells in the RES 
organs sequester PLGA particles by opsonization, leading to payload loss. Surface 
 modifications with other polymers such as polyethylene glycol (PEG) have led to in-
creased circulating half-life by several orders of magnitude [238]. PLGA drug delivery 
has been used with antibiotics to treat infections, growth factors for tissue engineering 
applications, and polymeric stent coverage in cardiovascular disease [239–243].

PLGA has also served as an effective delivery system for miRNA in cancer 
therapeutics. Because of its favorable biocompatibility and ability to be targeted, 

Fig. 19.7  Workflow schematic of alternative splicing and miRNA inhibition induced by non-
arginine-coated nanoparticles (ARG-NPs) that deliver charge-neutral oligonucleotide analogs. 
ARG-NPs comprise a spherical PLGA core coated with PEGylated ARG. Dehydrated ARG-NPs 
were visualized by scanning electron microscopy (SEM), intracellular uptake of osmium tetrox-
ide-loaded ARG-NPs was visualized by transmission electron microscopy (TEM); scale bars for 
SEM and TEM micrographs represent 1 µm. (Adapted with permission from [316]. Copyright 
2013 American Chemical Society)
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PLGA encapsulation of miRNA has shown great efficacy [244, 245]. AntagomiRs 
loaded in PLGA nanoparticles have been used to inhibit miR155 in a mouse model 
for lymphoma and showed slowing of pre-B cell tumors in vivo [245]. Because of 
the mechanism of internalization leading to endolysosomal compartment target-
ing, PLGA nanoparticles can be used to deliver miRNA to the regulatory proteins 
responsible for the ultimate action of miRNA in the cell [237, 246]. Gomes et al. 
have shown that PLGA can be used not only to deliver miR132 to endothelial and 
mononuclear cells, but also as a vehicle to carry perfluoro-1,5-crown ether (PFCE), 
a labeling compound used to track survival of cells [246]. Delivery of miR132 re-
sulted in a threefold survival of endothelial cells transplanted in vivo and a 3.5-fold 
increase in blood perfusion in ischemic limbs following transplantation of miR132-
treated endothelial cells. While PLGA delivery of miRNA and RNAi therapeutics 
is still early in development, the potential application and speed to translation are 
apparent given its previous success in the clinic.

5.4 Lipid-Based Delivery

Similar to PLGA, lipid-based carriers have been approved by the FDA for use in 
 humans. There is a great diversity in the types of lipid-based carriers used for  miRNA 
delivery. The most widely studied are exosomes [247–249]. These naturally  occurring 
vesicles are derived from intracellular compartments and are  released through fusion 
of the multi-vesicular endosomes with the plasma membrane [249]. These lipid-based 
carriers are capable of both transport and protection of the payload from the harsh 
 extracellular environment [249]. Our understanding of exosomes has given us insight 
into the nature of intercellular miRNA communications and has led researchers to in-
vestigate other lipid-based vehicles for miRNA delivery, namely liposomes.  Liposomes 
represent a major sector of nanomedicines and consist of spherical lipid vesicles 
30–200 nm composed of lipid bilayers encapsulating  hydrophilic chemotherapeutics, 
such as doxorubicin or danorubucin [250]. Doxil® and Myocet®DaunoXome® are 
three anthracycline-carrying anticancer liposome formulations approved by the FDA 
and have been used in clinics for more than a decade [251, 252]. The lipid bilayer 
of liposomal formulations permits avoidance of renal clearance and improved intra-
cellular delivery. Examples abound as RNAi delivery vehicles, including  PEGylated 
liposomes, lipoplexes, lipoids, and lipidoids [229, 253]. Liposomal carriers alter 
the biodistribution of the drug, increasing the circulation time and decreasing the 
 cardiotoxicity commonly associated with chemotherapeutics [254, 255]. Micelles 
are spheres, roughly 20 nm in diameter, consisting of a single lipid or amphiphilic 
polymer layer, with a hydrophilic exterior and hydrophobic lumen (Fig. 19.8) [256]. 
Lipid- and polymer-based nanoparticles for systemic delivery of siRNAs have been 
developed and tested. While lipid-based delivery of miRNA is efficient, it tends to 
induce an inflammatory response. On the other hand, biodegradable polymers induce 
less inflammation, but deliver less efficiently and have shorter effects.
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Lipoplexes contain cationic lipids in their bilayer that interact with the nega-
tively charged anionic nucleic acid molecules. The hydrophilicity of the nucleic 
acids is offset by the cationic lipids and a net positive charge results, which allows 
the liposomes to bind to anionic cell surface molecules [191]. These particles can be 

Fig. 19.8  The evolution of liposomes. Simple liposomal vesicles are constructed of a lipid bilayer 
shell. a Liposomes can trap molecules ( red sphere) up to a few nanometers in diameter within the 
hydrophobic region, while the hydrophilic region can trap molecules up to several hundred nano-
meters in size ( green star). In order to negotiate biobarriers, “stealth” liposomes were constructed 
for drug delivery applications. (b) Polymers attached to the lipid bilayer can be modified with 
targeting moieties ( blue rectangle) that enable specific cellular targeting. (c) Cationic liposomes, 
able to carry DNA ( purple circles), are constructed in an onion-like fashion with the DNA sand-
wiches between the cationic membranes. (d) In the most recent evolution, the bilayer is assembled 
from cavitands where hydrophobic and hydrophilic chains can be attached. Within the cavitands 
angstrom-sized molecules ( yellow diamond) can be trapped on the surface. This enables molecules 
of different sizes or configurations, such as miRNA, to be carried and protected. (Reproduced from 
[256] with permission from Nature Publishing Group)
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further modified to facilitate fusion with extra/intracellular membranes and foster 
endosomal release once inside the cell via attributes like a pH-sensitive lipid head 
group that causes endosomal membrane disruption, releasing the RNA payload. 
Such later-generation formulations have proven to be 100 times more effective than 
typical lipid-based carriers, requiring a fraction of the RNA for equal effect [191].

One study used a lung cancer model to compare the efficacy of a lipoplex/miR-
133 formulation with a reputable transfection agent and found that the lipoplex 
application caused over a twofold increase in miR-133 expression, nearly a  twofold 
difference in target protein downregulation, and a 50-fold greater accumulation in 
the target lung tissue without toxic effects [257]. Similar results were seen using 
a lipid-based tumor suppressor miR-34a formulation in a mouse model of lung 
 cancer when administered locally or systemically [118]. Despite their safety and 
easy  preparation, liposomal formulations have less tumor specificity and lower 
 transfection efficiency than viral vector-based therapies, but the addition of  surface 
ligands and/or nanotechnology hybridization can enhance this property greatly 
[258]. The Holy Grail in delivery of miRNA-based cancer therapy is a product 
capable of delicately negotiating the many biological barriers to efficiently deliver 
an RNAi payload with great tissue specificity, complete transfection, and no nega-
tive off-target effects on healthy tissue. A combination of today’s most advanced 
biotechnology, such as nanomedicine, and biocompatible lipid- or polymer-based 
carriers may just make this dream a reality.

5.5 Protein-Based Delivery

Nonlipid protein-based delivery mechanisms have also been used as drug deliv-
ery systems for oligonucleotides. Atelocollagen is a processed natural biomaterial 
produced from bovine type I collagen [259]. Because it is derived from naturally 
occurring collagen, it retains the characteristics of high biocompatibility and high 
biodegradability [260]. The mixture of atelocollagen and oligonucleotides results 
in complexes, 200 nm–10 μm [260]. Atelocollagen protects the nucleic material 
from serum nucleases, which is a major biological barrier known to degrade nucleic 
acids. [261]. Atelocollagen forms bonds with the nucleic acids in the miRNA or 
siRNA, where hydrogen bonds are formed between the phosphate groups of the oli-
gonucleotides and the CH groups of the collagen (Fig. 19.9) [262]. By controlling 
the size as potentially adding targeting moieties to the atelocollagen itself, this sys-
tem presents itself as an appealing and biologically inspired alternative to synthetic 
polymer nanoparticle delivery systems.

Atelocollagen has found utility as a drug delivery system in both oncologic and 
tissue engineering applications [263–269]. As an oncologic drug delivery  system, 
atelocollagen has proven effective in delivering miRNAs to target tissues. In one 
model of lung metastasis of osteosarcoma, Osaki et al. seeded  luciferase-tagged 
 human osteosarcoma subclone cell line in the knee of athymic mice and allowed 
lung metastasis to develop. Once metastasis was confirmed, the investigators 
 complexed miR-143 with atelocollagen for systemic delivery every 3 days for 19 
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days. At 1 week, the only lesions detected were those at the primary  osteosarcoma 
site in the knee. Following the course of treatment, only two often mice  injected 
with  miR-143 atelocollagen showed lung metastasis [268]. Similarly, in a 

Fig. 19.9  The molecular model of atelocollagen–siRNA complex. Hydrogen bonds arise between 
CH and phosphate groups. 1,3 phosphate groups are situated on the first chain of ds-siRNA and 
the other 2,4 phosphate groups (which are below the 1,3 phosphate groups) are situated on another 
chain. H-bonds are created between 1,3 ↔ 11,31 and 2,4 ↔ 21,41 groups 11,31,21,41 are CH groups 
of Gly and Pro amino acids situated on the triple helix of collagen and 21,41 CH groups are situ-
ated below of 11,31 CH groups (“hydrogen bonding without water molecules”). On the “hydrogen 
bonding with water molecules” are shown water-mediated intermolecular contacts between atelo-
collagen and siRNA which are restricted to the backbone phosphates and sugar 2′-OH groups (are 
shown hydrogen bonding between one layer of phosphate groups and CH groups of collagen). 
(Reproduced from [262] with permission from Elsevier)
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 model of  metastatic prostate cancer, miR-16 delivery via atelocollagen systemic 
 delivery resulted in  significant reduction of bone metastatic growth [264]. The 
 tumor-suppressive  effects of atelocollagen miRNA have also been demonstrated 
in a xenograft  tumor model of human colon cancer in athymic mice. miR-34a was 
identified as a  potential miRNA capable of growth arrest and growth suppression 
through  quantitative  polymerase chain reaction analysis. The miRNA was then 
complexed with atelocollagen for systemic delivery and then administered intra-
venously to the xenograft mice. miR-34a atelocollagen administration resulted in 
upregulation of p53 and 36 % of cancer tissues demonstrated downregulation of 
miR-34a [265]. As a delivery mechanism in oncologic treatments, atelocollagen has 
demonstrated efficacy, but its utility has also been investigated in tissue engineering 
applications. In a rat model of ligamentous healing, Shoji et al. demonstrated that 
intra-articular injection of atelocollagen complexed miR-210 prompted healing of 
a partially torn anterior cruciate ligament through enhancement of angiogenesis via 
upregulation of vascular endothelial growth factor and fibroblast growth factor-2 
[269]. In sum, the delivery of miRNA and other RNAi nucleotides has been demon-
strated using atelocollagen as a delivery mechanism.

5.6 Metallic Core Nanoparticles

Cancer therapeutic strategies include gene delivery to target cancer cells in order 
to replace dysfunctional tumor suppressor genes, elicit immune rejection, or drive 
tumor cells into apoptotic pathways. To date, several biological delivery vehicles, 
including DNA, cationic liposomes, viral vectors, and siRNA nanoparticles, have 
been used with advantages and limitations [270–272]. Other vehicles have thus 
been investigated to overcome the inefficiencies of the previously described ve-
hicles. To this end, investigators have begun to look into metal-based nanoparticles, 
namely gold nanoparticles for systemic miRNA delivery [273, 274].

Gold nanoparticles have received attention because of their unique physico-
chemical properties such as shape, surface area, amphiphilicity, biocompatibility, 
and safe carrier capabilities essential for effective nucleotide delivery [275–278]. 
However, the nucleotide cargo, often siRNA, had to be modified to facilitate de-
livery [279–281]. These modifications would likely alter the activity of miRNA 
and would therefore not be possible in their delivery. Recognizing the need to 
efficiently deliver unmodified miRNA investigators has used gold nanoparticle–
miRNA complexing to form stable delivery vehicles. Crew et al. demonstrated that 
through conjugation miRNA could be immobilized to the surface of gold nanopar-
ticles and efficiently transfected into cells for gene knockdown [282]. Similarly, 
Ghosh et al. developed a system where unmodified miRNA would be bound to the 
gold nanoparticles, then covered in a PEG layer to allow for protection from serum 
nucleases (Fig. 19.10). In vitro functional characterization demonstrated that this 
system was capable of efficiently delivering miRNA into cells resulting in signifi-
cant target gene downregulation and decreased cell proliferation [276]. While this 
delivery system appears promising, true in vivo translation has yet to be realized.
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6  Future Perspectives on Drug Delivery: 
Multistage Theory

The targeting of genetic materials, since their inception, has found difficulty in  efficient 
targeting. Naked oligonucleotides are rapidly cleared by nucleases and  encapsulation 
in lipid-based carriers, while effective, also suffer from rapid  clearance in addition 
to their immunogenicity [283, 284]. Opsonin recognition to lipid nanoparticles and 
 complement-mediated clearance can trigger toll-like  receptor activation and transgene 
silencing. While viral vehicles for delivery have the potential for mass reproduction 
of carried genes and have shown some efficacy, they too are troubled with limitations 
that have prevented their full translation into the clinic [285, 286]. In some cases, the 
inflammatory response generated from the vector itself may enhance its clearance and 
thus decrease the payload delivery and therapeutic efficacy [287]. Polymeric nanopar-
ticles similarly are troubled by  clearance from the system [288]. While the mecha-

Fig. 19.10  Synthesis, delivery, and characterization of gold nanoparticles (AuNPs) and miR-
AuNP-S-PEG polyelectrolyte complexes. a Schematic diagram of the miR-AuNP synthesis and 
uptake through endocytosis pathway. b TEM image of dialyzed cationic AuNPs that were pre-
pared by chemical reduction of chloroauric acid (HAuCl4) using sodium borohydride (NaBH4) in 
the presence of cysteamine hydrochloride (HS–CH2CH2–NH3

 + Cl−) followed by dialysis against 
RNAse-free water in a Spectra/Por dialysis membrane with a molecular weight cutoff of 10 kDa. c 
Gel retardation assay: TBE-Urea gel electrophoresis of miR-AuNP polyelectrolyte complexes. In 
each case, 1 μg of miRNA was loaded to observe polyelectrolyte complex formation with AuNPs. 
(Reproduced from [276] with permission from Elsevier)
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nisms of clearance vary, the end result is the same in decreased payload delivery and 
increased immunogenic response. Because of the ability to effectively target polymer 
nanoparticles to the cell, they are capable of entry but release from the endosome 
results in endosomal content leakage and intracellular damage [289]. Further, their 
accumulation in RES organs such as the lung, liver, and spleen makes them difficult 
to target elsewhere. Because of their recognition by the host as foreign, antibodies are 
made and further dosing results in more decreased delivery as well as stimulating the 
body to reject any cells transduced by the foreign viral particles [290–293].

To summarize, there are many limitations to the success and efficacy of current 
delivery systems for RNAi and specifically miRNA delivery. These shortcomings 
include inadequate targeting, poor tumor accumulation, systemic toxicity, and most 
importantly, inadequate clinical translation and efficacy. A paradigm shift is needed 
in the fundamental principles of how to target and deliver miRNA and other RNAi 
oligonucleotides effectively to the site of interest. Since no single agent truly pos-
sesses the ability to overcome the plethora of obstacles to therapeutic delivery, a 
multistage delivery approach proposes the use a nested multicomponent construct, 
engineered to sequentially avoid biological barriers [178, 294]. According to the 
multistage dogma, biobarrier avoidance, recognition, and cytotoxicity interdepen-
dence are reduced, yet acting in efficacious operational synchrony [295, 296].

7 Mesoporous Silicon and Therapeutic Applications

The rationale of the multistage theory is to decouple the multiplicity of tasks in tar-
geting to preferentially negotiate bio-barriers, sequester the vehicle at the site of in-
terest, and then deliver the payload. By enabling the slow, controlled, and persistent 
release of a drug, one could potentially reduce toxicities and heighten the therapeu-
tic efficacy of the molecule. Through this mechanism, drugs with great therapeutic 
efficacy, but previously deemed too toxic for systemic therapy, can be considered 
for clinical use. Additionally, other barriers such as the blood-–brain -barriers and 
the RES, previously thought to be unavoidable, may be negotiated. These barriers 
have presented the most challenging obstacles to current oligonucleotide- based 
therapies and present opportunities for improvement through multistage delivery.

Despite the vast assortment of nanomaterials, the majority of the nanocarriers 
rely on molecules functionalized on their surface for biological recognition or pro-
tection from the RES. Polyethylene glycol-coated nanoparticles have been used 
to hide the payload from elimination, but in doing so lose their targeting abilities. 
Conversely, targeted particles, while preferentially finding their site of action, are 
quickly cleared by the body’s defensive mechanisms. Unfortunately, the overall 
activity of biological barriers ultimately prevents these carriers from localizing at 
a specific site in adequate therapeutic concentrations [297, 298]. As nanocarriers 
evolved from generation to generation, so did their ability to in overcome biobar-
riers. First-generation nanocarriers, relying on passively homing to diseased sites 
through the enhanced permeability and retention, resulted in extravasation through 
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the tumor’s diseased vasculature. Second-generation nanocarriers possessed greater 
functionality through the conjugation of targeting moieties and thus could selec-
tively concentrate at the site of interest. Liposomes and other targeted nanomaterials 
such as gold are examples of delivery systems [299–301]. Third-generation nano-
carriers are characterized by their ability to carry both therapeutic and  diagnostic 
multifunctional components with logic-embedded functions. This system focuses 
on negotiating the body’s biobarriers, accumulating at the target site, and  delivering 
the protected payload to the target site. To accomplish these combined operations, 
third-generation nanocarriers are comprised of nanoparticles loaded into a nano-
structured carrier [302–304]. Third-generation systems are comprised of mul-
tiple components assembled with embedded instructions to act in a synergistic, 
 preprogrammable, and sequential manner. The multistage delivery system (MDS) 
is an emblematic system for third-generation carriers and may be a potential solu-
tion to the shortcomings of current miRNA delivery mechanisms.

Fig. 19.11  SEM micrographs of PSPs. a Digital composition of three distinct SEM micrographs 
showing the nucleation side of a 3.2 μm, 1.6 μm, and 0.97 μm PSP:the external corona ( 1) and the 
nucleation site ( 2). b Digital composition of three distinct SEM micrographs showing the release 
side of a 3.2 μm, 1.6 μm, and 0.97 μm PSP. Section along the diameter and the lateral view of: 
a flat disk PSP obtained by wet etch of the masking layer (c, d, respectively); a discoidal PSP 
obtained by trench formation by CF4 RIE (e, f, respectively); a hemispherical PSP obtained by 
trench formation by SF6 RIE (g, h, respectively); a tubular PSP obtained by trench formation by 
combination of HBr and SF6 RIE (i, j, respectively); a XLP1 PSP (k, l, respectively). (m) Close-up 
view of the multilayer structure of an XLP1 particle, from top to bottom: 1 SP layer, 2 transitional 
layer, 3 XLP layer. (c–m) Nucleation side is at the top of the figure and release side at the bottom. 
All scale bars are 200 nm. (Reproduced from [314] with permission from John Wiley and Sons 
Publishing Group)

 



390 J. S. Fernandez-Moure et al.

Multistage Delivery System In order to negotiate biological barriers and fully  utilize 
the advantages of a third-generation nanocarrier, our laboratory envisioned and 
engineered the MDS (Fig. 19.11). The MDS aimed to decouple the tasks required 
of the carrier system into vehicle, nanocarrier, and therapeutic agent. By shielding 
the nanocarrier and payload from the serum nucleases in the intravascular space, the 
MDS vehicles can transport millions of loaded nanoparticles to the site of  diseased 
tissue. The rational design, based on mathematical modeling of blood flow within 
diseased vessels, allows the micron-sized mesoporous silicon particles to exploit 
aberrant blood flow of tumor vasculature and land itself in the tissue to selectively 
deliver a nanoparticle-carrying payload. The governing principle of the MDS 
involves the loading of nanoparticles into first-stage micron-sized particle that can 
be finely tuned to achieve precise targeting. Tuning refers to changing the physical 
properties of the particle to specialize it for the intended application and payload. 
Pore size, porosity, shape, and size can all be calibrated based on the desired function, 
target, and ultimate destination. With this approach, the first-stage silicon  carrier is 
optimized for the navigation through the bloodstream, avoidance of the RES and 
nucleases, recognition of a diseased site, as well as retention and  protection of a pay-
load. The second-stage nanoparticle, which can be a liposome, gold nanoparticle, 
or a viral vector, is then capable of extravasation through the tumor’s fenestrations 
and into the target microenvironment. Silicon, the precursor element to mesoporous 
silicon and one of Earth’s richest elements, was strategically chosen to fabricate this 
first-stage carrier because of its biodegradability and biocompatibility [305–307]. 
Porous silicon particles have shown considerable advantageous properties, such as 
increased drug solubility, bioavailability, biocompatibility, and sustained localized 
release. Through the direct release of the therapeutic agent at the site, one could 
potentially increase the amount of drug actually penetrating the tumor.

To effectively target therapeutic agents, it is necessary to develop a delivery 
system that is simultaneously able to negotiate biological barriers, while protect-
ing the payload, and then only at the site of interest effectively release its payload 
[178, 308–310]. Designed to exploit the body’s natural environment, the discoid 
shape was chosen for the MDS to allow for greater blood margination and im-
proved cell surface adhesion to the leaky vasculature of a tumor [308, 311]. The 
pores’ tunable size enables control of surface area, density, the degradation rate, and 
thus of the dose of drug released [312, 313]. The ability to customize the pore size 
also permits the loading of nanoparticles of different sizes within the porous matrix 
[314]. Through the employment of these unique features, therapeutic and imaging 
agents can be loaded into the MDS and transported in an effective manner. As this 
 technology evolves and the capabilities of first-stage nanoparticle loading improve, 
so does the potential for therapeutic and diagnostic applications.

8 Conclusion

Since the discovery of lin-4, miRNA has been shown to be a novel and multifunc-
tional target in many disease processes. Although the interconnectivity of gene 
 expression, protein synthesis, and miRNA interaction has yet to be elucidated, 
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the utility of miRNA targeting or delivery has been demonstrated [315]. Many 
 obstacles, though, confront the true translation of these ubiquitously expressed small, 
 noncoding RNAs to the clinic. Effective negotiation of the body’s  biological barri-
ers of serum nucleases, renal and hepatic clearance, vascular endothelium, cellular 
membranes, and endosomal release is paramount to the success of these  molecules 
and  effective therapeutic agents. To that end, investigators have  developed and 
 tested many delivery systems ranging from synthetic to naturally  occurring poly-
mers, as well as viral vectors for targeted delivery of the  oligonucleotide payload. 
These delivery systems have shown some success, but are limited by their poor 
clinical translation. Although many advances in polymer chemistry and interdis-
ciplinary approaches have been utilized, a new paradigm for drug delivery could 
potentially revolutionize the effective delivery of miRNA. Through multistage de-
livery, miRNA could be shielded from the degradation and sequestration, while not 
sacrificing targeting or organ specificity. Taken together, there is great potential for 
miRNA to have a great impact in the clinic, and with a proper understanding of the 
obstacles to overcome and tools in our armament to negotiate these barriers, it will 
find true translation into the clinic.
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