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  Pref ace   

 The past decade witnessed signifi cant efforts and progresses in the area of microRNA 
(miRNA) research in the fi eld of cancer. Indeed, recent miRNA studies have been a 
major leap in the understanding of the molecular pathogenesis of cancer. It is crystal 
clear that miRNAs as either onco- or tumor suppressor genes can alter biological 
processes fundamental to tumor initiation and progression. The connections between 
miRNAs and oncogenesis are widespread enough to hold miRNAs as potential 
therapeutic targets and novel biomarkers. In this regard, identifying the expression 
signatures of miRNAs provides exciting opportunities for the diagnosis, prognosis, 
and therapy of cancer. 

 This edited book  MicroRNAs: Key Regulators of Oncogenesis  aims to offer a 
broad framework to understand the state-of-the-art knowledge of miRNA function 
and illustrate features of specifi c miRNAs in the regulation of cancer. It has been 
written for graduate students, postdoctoral fellows, and scientists in cancer research, 
and it is also well suited for clinical oncologists and other researchers interested in 
this fi eld. The contents of this book was scrupulously designed and explicitly writ-
ten. Ranging from the fundamental concepts to clinical applications, this book is 
composed of seventeen chapters organized in two parts. The fi rst part is devoted to 
delving deep into the importance of miRNAs in cancer biology. In Chap.   1    , I 
describe the dual function of miRNAs as either oncogenes or tumor suppressors in 
cancer and elucidate the link between aberrant miRNA expression and cancer devel-
opment and progression. Since cancer is associated with accumulation of epigenetic 
and genetic alterations, Chap.   2     focuses on the relationship between epigenetics and 
miRNA. In line with this, Chap.   3     deals exclusively with the effects of dietary agents 
on miRNAs and their targets in the context of cancer biology. Chapter   4     elaborates 
on the interplay between miRNAs and oncogenes/tumor suppressors in tumor metab-
olism introducing another layer of complexity to the regulatory network of meta-
bolic pathways in cancer cells. In Chaps.   5     and   6    , authors clearly describe the crucial 
roles of miRNAs in different types of solid tumors and hematological malignancies 
and also discuss the feasibility of using miRNAs as potential biomarkers. The 
importance of miRNAs in the pathogenesis of oncogenic viruses and the link 

http://dx.doi.org/10.1007/978-3-319-03725-7_1
http://dx.doi.org/10.1007/978-3-319-03725-7_2
http://dx.doi.org/10.1007/978-3-319-03725-7_3
http://dx.doi.org/10.1007/978-3-319-03725-7_4
http://dx.doi.org/10.1007/978-3-319-03725-7_5
http://dx.doi.org/10.1007/978-3-319-03725-7_6


viii

between miRNAs and liver infl ammation during hepatocarcinogenesis is repre-
sented in Chaps.   7     and   8    , respectively. Chapter   9     deciphers the mechanisms through 
which miRNAs modulate the activity of regulatory pathways in tumorigenesis, in par-
ticular miRNAs targeting potential pathways for therapeutic intervention. Chapter 
  10     reveals the regulatory mechanisms of miRNAs in apoptotic and autophagic net-
works, with the merit of fi nding application as potential drug targets for future can-
cer therapy. Chapter   11     describes the part played by miRNAs in drug resistance 
and drug sensitivity. In Chap.   12    , the potential role of cancer stem cell-related miR-
NAs during tumor development and progression is clarifi ed. The second part of 
the book highlights the clinical implications of miRNAs in cancer. In this part, 
Chap.   13     introduces miRNAs as potential biomarkers for diagnosis, prognosis and 
therapeutic intervention of cancer and the capacity of integrating miRNA data into 
clinical trials is discussed. Chapter   14     offers a precise description to the function of 
miRNAs in breast cancer and discusses their possible translation into molecular 
diagnostics. Chapter   15     particularizes the impact of miRNAs on drug resistance 
from a clinical point of view, thereby highlighting their capability to be exploited as 
predictors or modifi ers of resistance towards chemo- and radio-therapeutics. In 
Chap.   16    , authors meticulously address a variety of nanocarriers exploited for miRNA 
delivery in crafting therapeutic platforms for cancer and provide an in-depth analysis of 
different attributes of these nanovehicles. Finally, Chap.   17     outlines the advantages 
of a pulmonary drug delivery system and the strategies for miRNA-based treatment 
of lung cancer. 

 This book would not have come to fruition without the continuous support and 
administrative assistance of Melania Ruiz, along with additional administrative help 
by Marleen Moor from Springer International Publishing Switzerland. I also want 
to thank Dr. Seyed Javad Mowla, Dr. Masoud Soleimani and Dr. William Cho for 
their valuable comments during the editing process of the book. Ultimately, I wish 
to express my profound gratitude to all the authors for their time and efforts in 
bringing this project to completion. I am truly honored to have the opportunity to 
work with such a prestigious team. 

 Department of Molecular Genetics   Sadegh Babashah, Ph.D. 
Faculty of Biological Sciences 
 Tarbiat Modares University, Tehran, Iran 
 January, 2014  
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    Abstract     MicroRNAs (miRNAs) constitute an evolutionarily conserved class of 
small, noncoding RNA molecules that regulate gene expression by targeting specifi c 
mRNAs for degradation and/or translational repression. MiRNAs have been widely 
investigated due to their potential role in regulating a variety of cellular processes, 
including proliferation, differentiation, and apoptosis. Many miRNAs are implicated 
in various human cancers. Functional analysis of cancer-related miRNAs has 
proposed that they might act as either oncogenes or tumor suppressors. In fact, the 
link between aberrant miRNA expression and cancer development and progression 
can be observed either through the loss of tumor suppressor miRNAs or the 
over-expression of oncogenic miRNAs. This chapter aims to provide a succinct 
framework to gain insight into miRNA function in cancer.  
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1         MicroRNAs: Biogenesis, Processing and Mode of Action 

 MicroRNAs (miRNAs or miRs) are a class of non-coding small RNAs of ~22 nucleotides 
that regulate gene expression by targeting specifi c mRNAs bearing partially 
complementary target sequences for degradation and/or translational repression 
(Liu et al.  2008 ; Babashah and Soleimani  2011 ). The fi rst discovery of a small non- 
coding RNA dates back to 1993, when Victor Ambros and collaborators identifi ed 
lin-4 in  Caenorhabditis elegans  (Lee et al.  1993 ). Lin-4 was believed to be a unique 
species until year 2000 when another small non-coding RNA, let-7, was reported in 
C. elegans (Reinhart et al.  2000 ) and in a variety of other organisms (Pasquinelli 
et al.  2000 ). Since then, hundreds of small non-coding RNA sequences (now known 
to be miRNAs) have been identifi ed in a wide range of organisms from nematodes 
to vertebrates, plants and human. Currently, the offi cial miRNA database miRBase 
lists 1,872 human miRNA gene loci, generating 2,578 mature miRNA sequences 
(  http://www.mirbase.org    , Release 20.0, June 2013). Precise attribution of miRNA effects 
on gene expression can be complicated by the fact that often each miRNA may 
control several hundred target genes directly or indirectly, whereas a single protein 
coding gene target could be regulated by more than one miRNA. In fact, miRNAs 
are predicted to target up to one-third of human transcripts (Zhong et al.  2012 ; 
Friedman et al.  2009 ). 

 The biogenesis of miRNAs begins in the nucleus with the synthesis of a rela-
tively long double-stranded RNA molecule, known as primary (pri)-miRNA, by 
RNA polymerase II or III. The resultant pri-miRNA transcript is often more longer 
than 1 kb in length and includes a stable stem-loop hairpin structure that contains 
the sequence for the mature miRNA. The hairpin structure is excised in the nucleus 
from pri-miRNA as a ~70-nucleotide long precursor (pre)-miRNA by the nuclear 
RNase III endonuclease Drosha and DGCR8 (the “microprocessor complex”) 
(Lee et al.  2003 ; Denli et al.  2004 ; Gregory et al.  2004 ). DGCR8 is essential as a 
molecular anchor for Drosha’s activity on pri-mRNAs, as it recognizes the pri-
miRNA at double-stranded RNA – single-stranded RNA junction and directs 
Drosha to cleave approximately 11 nucleotides from the base of the stem to free 
the hairpin from the primary transcript (Han et al.  2006 ). Members of the micropro-
cessor complex have additional cellular functions, as Drosha is also involved in 
the processing of ribosomal RNA (Wu et al.  2000 ) and DGCR8 also acts as a 
heme-binding protein (Faller et al.  2007 ). The resultant pre-miRNA contains a 5′ 
phosphate and a distinctive 3′ two-nucleotide overhang which is signal to transport 
into the cytoplasm by a protein complex consisting of Exportin-5 and Ran-GTPase 
(Yi et al.  2003 ; Lund et al.  2004 ; Bohnsack et al.  2004 ) (Fig.  1.1 ). In cytoplasm, 
further processing facilitated by the second RNase III endonuclease Dicer, cuts off 
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the terminal loop and generates an imperfect double-stranded RNA with about 
17-26-nucleotide in length. This duplex molecule contains the mature miRNA 
(often designated miR) and its complementary miRNA*. The duplex binds to one 
of four proteins of the Argonaute (Ago) family, which are part of the RNA-induced 
silencing complex (RISC). After unwinding the double-stranded RNA and discard-
ing and degrading the passenger strand (miRNA*), the mature miRNA is loaded 
onto the RISC and interacts with the complementary sequences that are mostly 
located in the 3′ untranslated region (3′ UTR) of the targeted mRNAs (Cullen 
 2004 ; Liu et al.  2008 ; Ikeda et al.  2007 ). Subsequent mechanisms by which miR-
NAs regulate gene expression depend on the degree of complementarity between 

  Fig. 1.1    Schematic representation of biogenesis, processing and function of microRNA. The bio-
genesis of miRNAs begins in the nucleus and is completed in the cytoplasm. For more details, see 
the text.  Pri-miRNA  primary miRNA,  Pre-miRNA  precursor miRNA,  Drosha  RNase III endonucle-
ase,  DGCR8  DiGeorge syndrome critical region 8,  Dicer  RNase III endonuclease,  RISC  RNA- 
induced silencing complex       
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  Table 1.1    MicroRNA 
databases  

 Name  Website 

 miRBase    http://mirbase.org/     
 miRanda    http://www.microrna.org/     
 miRNA map    http://mirnamap.mbc.nctu.edu.tw/     
 coGemiR    http://cogemir.tigem.it/     
 miRGen    http://www.diana.pcbi.upenn.edu/

miRGen.html     
 deepBase    http://deepbase.sysu.edu.cn/     
 RNAhybrid    http://bibiserv.techfak.uni-bielefeld.

de/rnahybrid     
 TargetScan    http://genes.mit.edu/targetscan     
 PicTar    http://pictar.mdc-berlin.de     
 EIMMo    http://www.mirz.unibas.ch/ElMMo3/     
 DIANA-microT    http://diana.pcbi.upenn.edu/cgi-bin/

micro_t.cgi     

mRNA target sites and the nucleotide sequence from position 2–8 at the 5′ end of 
miRNAs (the seed region). The rare occasion of perfect (or near perfect) Watson-
Crick complementarity leads to Ago-catalysed cleavage of the targeted mRNA. 
More commonly, imperfect complementarity leads to translational inhibition, 
although the precise mechanisms and the players involved are still under debate 
(reviewed in Fabian and Sonenberg ( 2012 ); Pasquinelli ( 2012 )) (Fig.  1.1 ).

   Owing to the imperfect complementarity between miRNAs and their target 
mRNAs almost observed in mammals, direct prediction of relevant downstream 
targets of a miRNA is particularly diffi cult. Several bioinformatic approaches and 
various algorithms have been developed to predict miRNA-controlled target mRNAs 
 in silico  (Lewis et al.  2003 ; Krek et al.  2005 ; Paraskevopoulou et al.  2013 ). A list of 
computational tools for miRNA target prediction is summarized in Table  1.1 . 
However, as the bioinformatic approach focuses on identifying conserved targets in 
the 3′-UTR of an mRNA, many non-conserved targets are missed. In addition, 
there are several lines of evidence indicating that miRNAs can also regulate gene 
expression through binding to “seedless” 3′-UTR miRNA recognition elements 
(Lal et al.  2009 ) or to sites located within the coding regions of transcript (Lee et al. 
 2009 ). Therefore, the efficacy of such a bioinformatic approach needs to be 
validated by  in vitro  or  in vivo  experiments.

   MiRNAs are involved in the control of a variety of biological processes, including 
cellular proliferation, tissue differentiation, organ development, maintenance of 
stem cell potency and apoptosis (Babashah and Soleimani  2011 ; Cheng et al.  2005 ; 
Chen et al.  2004 ; Ambros  2004 ). Given this wide variety of functions, it is not 
surprising that miRNAs are affected in many diseases such as cancer. In fact, 
dysregulation of miRNAs has been widely observed in different types and stages of 
cancer and mounting evidence points to their important roles in the development 
of a variety of human cancers (Bandyopadhyay et al.  2010 ; Esquela-Kerscher and 
Slack  2006 ; Lu et al.  2005 ; Volinia et al.  2006 ).  
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2     The Oncogenic and Tumor Suppressive Roles 
of MicroRNAs in Cancer 

 Aberrant expression of miRNAs has been frequently noted in almost all types of 
cancer (Croce  2009 ; Farazi et al.  2011 ). Functional analysis of these aberrantly 
expressed miRNAs indicates that they might function as either oncogenes or tumor 
suppressors. The oncogenic miRNAs, called as “oncomiRs”, are up-regulated in 
cancer and usually promote tumor development by inhibiting tumor suppressor 
genes and/or genes that control cell differentiation or apoptosis. On the contrary, 
there are many down-regulated miRNAs which may be considered as tumor 
suppressors in cancer. These miRNAs are called as “TSmiRs” and may function by 
inhibiting oncogenes and/or genes that inhibit cell differentiation or apoptosis 
(Bandyopadhyay et al.  2010 ; Esquela-Kerscher and Slack  2006 ; Lu et al.  2005 ; 
Babashah and Soleimani  2011 ). Deregulation of miRNA expression frequently 
results from genetic mutations and/or epigenetic alterations, represented by deletions, 
amplifi cations, point mutations and aberrant DNA methylation events. Indeed, about 
half of the cancer-related miRNA genes are located at fragile sites of the genome 
as well as in minimal regions with loss of heterozygosity, minimal regions of 
amplifi cation or common breakpoint regions (Calin et al.  2002 ,  2004b ). 

 The fi rst evidence for the involvement of miRNAs in tumorigenesis was reported 
by Calin et al. ( 2002 ) in describing a chromosome region containing the miR-15a/
miR-16-1 cluster, which is frequently lost or down-regulated in B-cell chronic 
lymphocytic leukemia (B-CLL). Down-regulation of the miR-15a/miR-16-1 cluster 
in CLL and several solid tumors raised the question whether they might function as 
tumor suppressors (Calin et al.  2002 ). Cimmino et al. ( 2005 ) demonstrated that both 
miR-15a and miR-16-1 promote the normal apoptotic response by directly targeting 
the anti-apoptotic gene BCL-2, indicating the possible tumor suppressive role of 
these two miRNAs in tumorigenesis. 

 A common tumor suppressive role for the let-7 family of miRNAs has been 
described in different types of human tissues, particularly in lung. It has been shown 
that let-7 is able to negatively regulate the expression of various oncogenes such as 
RAS and MYC as well as other cell cycle progression genes (Johnson et al.  2005 ; 
Bhat-Nakshatri et al.  2009 ). Reduced expression of Let-7 has been observed in 
different types of cancers, including lung, breast and prostate cancers. It has been 
shown that down-regulation of let-7 correlates with increased lymph node metastasis 
and proliferation capacity, suggesting a potential tumor suppressive role for this 
family of miRNAs in cancer progression (Lynam-Lennon et al.  2009 ; Liu et al. 
 2012 ). Although it has been demonstrated that induction of let-7 reduces tumor 
growth in a murine model of lung cancer (Esquela-Kerscher et al.  2008 ; Kumar 
et al.  2008 ), the regulation of individual let-7 targets on tumorigenesis needs to be 
further investigated in more  in vivo  models of human cancers. 

 The miR-17-92 cluster (containing seven homologous miRNAs: miR-17-3p, 
miR-17-5p, miR-18a, miR-20a, miR-19a, miR-19b-1 and miR-92a-1; with genomic 
positions on chromosomes X, 7 and 13) is the fi rst and well-studied miRNA cluster 
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with oncogenic activity. He et al. ( 2005 ) investigated the potential oncogenic role of 
the miR-17-92 cluster. They demonstrated that over-expression of the miR-17-92 
cluster in the hematopoietic system acted with c-myc expression to accelerate tumor 
development and progression in a transgenic mouse model of B-cell lymphoma. 
Importantly, tumors resulting from combined c-Myc and miR-17-92 expression 
were able to evade from normal apoptotic responses that were otherwise prevalent 
in tumors lacking the cluster. O’Donnell et al. ( 2005 ) found that c-Myc activates 
expression of a set of six miRNAs on human chromosome 13 that was tied to the 
development of human lymphoma. They also found that expression of E2F1 was 
negatively regulated by two miRNAs in this cluster, miR-17-5p and miR-20a. These 
fi ndings reveal a mechanism through which the c-Myc simultaneously promotes 
E2F1 transcription and represses following translation, indicating a tightly controlled 
proliferative signal. Woods et al. ( 2007 ) proposed a model in which the miR-17- 92 
cluster promotes cell proliferation by shifting the E2F transcriptional balance away 
from the pro-apoptotic E2F1 and toward the proliferative E2F3 transcriptional 
network. The miR-17-92 cluster might also inhibit apoptosis by negatively regulating 
the tumor suppressor PTEN and the pro-apoptotic protein Bim (Xiao et al.  2008 ; 
Mendell  2008 ). Bim is induced by Myc in B-cells and is able to antagonize anti-
apoptotic proteins such as Bcl-2. Therefore, down-regulation of Bim by the miR-
17-92 cluster may contribute to the ability of these miRNAs to exacerbate disease 
progression in a mouse model of B-cell leukemia (Egle et al.  2004 ). 

 As stated above, miRNAs can function either as oncogenes or tumor suppressors. 
However, it has been demonstrated that a miRNA can exploit both functions 
according to the cellular context of their target genes. For instance, there is a body 
of evidence pointing to the tumor suppressive activity of the miR-17-92 cluster, 
which contrasts with the hypothesized oncogenic role observed in other cancers 
(Yu et al.  2008 ). This implies that the tissue- and developmental-stage-specifi c 
expression decisively controls appropriate function of a miRNA.  

3     MicroRNAs and Tumor Metastasis 

 Tumor invasion and metastasis are major characteristics of aggressive phenotypes 
observed in human cancers (Steeg  2003 ). During the “invasion-metastasis cascade”, 
cancer cells (a) are detached and migrate out of the primary tumor site; (b) invade 
the basement membrane to enter the circulatory system (intravasation); (c) are 
translocated through the vasculature; (d) exit circulatory vessels at the metastatic 
site (extravasation); (e) survive within the foreign microenvironment; and fi nally 
(f) re-initiate their proliferative machinery to establish macroscopic secondary 
tumors (colonization) (Fig.  1.2 ) (Harquail et al.  2012 ; Fidler  2003 ). Despite the 
clinical signifi cance of metastasis for determining disease outcome in human cancers, 
our current understanding on how cancer cells actually migrate out of primary tumors, 
adapt to distant tissues and organs, and form a secondary tumor are still not 
completely understood (Gupta and Massague  2006 ).

S. Babashah
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   MiRNAs have recently been more widely investigated due to their potential role 
as critical regulators of tumor metastasis in cancer development. The link between 
altered expression levels of miRNAs and cancer development and metastasis can be 
observed either through the loss of tumor suppressor miRNAs or the over- expression 
of oncogenic miRNAs in different cancer cells. Some miRNAs involved in 
metastasis are summarized in Table  1.2 , most of which will be discussed in more 
detail in the sections below.

3.1       Pro-metastatic miRNAs 

 Multiple lines of evidence highlight the contribution of certain miRNAs to promoting 
tumor metastasis. MiR-10b is the fi rst miRNA identifi ed to positively regulate the 
metastatic potential of human cancer cell. Ma et al ( 2007 ) showed that miR-10b 
over-expression endowed otherwise non-metastatic breast cancer cells with the capacity 
to acquire invasive and metastatic behavior. MiR-10b is able to induce migration 
and invasion capacities in breast cancer cells through direct targeting of homeobox 

Metastatic cells

Endothelial cells

Secondary tumor

Tumoral cells

Blood vessel

Establishment of  metastasis at 
the distant organ

1

2

3

Primary tumor

Basal membrane

4

Intravasation

Translocation

Extravasation

Colonization

1

2

3

4

Angiogenesis

  Fig. 1.2    Schematic representation of multistep metastatic process by which primary tumor cells 
are detached from the primary tumor site, consequently adapt into distant tissues and organs, and 
form a secondary tumor       
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D10 (HOXD10), a receptor of genes involved in cell migration and extracellular 
matrix remodeling. Notably, systemic treatment of breast tumor- bearing mice with 
miR-10b antagomirs decreased the metastatic tumor burden, providing promising 
evidence that antagomirs can be effi ciently delivered to rapidly growing tumor cells 
 in vivo , preventing metastasis (Ma et al.  2010 ). To identify miRNAs that have the 
capacity to promote metastasis, Huang et al. ( 2008 ) set up a genetic screen involving 
over-expression of approximately 450 miRNAs in non- metastatic, human breast 
tumor cell line. They found that miR-373 and miR-520c (both belonging to a 
miRNA family that shares similar seed sequence) can induce tumor cell migration 
and invasion  in vitro  and  in vivo , and that the migratory phenotype of certain cancer 
cell lines depends on endogenous miR-373 expression. They proposed that suppression 
of cell migration by an anti-miR-373 oligonucleotide may be a potential strategy for 
developing effi cient therapies against tumor metastasis. After that, two independent 
studies indicated that apart from the oncogenic role of miR-21 in tumorigenesis, this 
miRNA also plays a critical role in invasion and metastasis of human breast and 
colorectal carcinoma cells (Asangani et al.  2008 ; Zhu et al.  2008 ). These studies 
suggest that suppression of miR-21 might offer another promising therapeutic 
approach against advanced cancers (Table  1.2 ).  

3.2     Anti-metastatic miRNAs 

 Multiple lines of evidence highlight the contribution of certain miRNAs to 
suppressing tumor metastasis. MiR-31 expression levels correlate inversely with 
metastasis in human breast cancer patients. By deploying gain- and loss-of-function 
strategies, Valastyan et al. ( 2009 ) demonstrated that miR-31 is capable of suppressing 
the metastatic potential of human breast tumor cells. They also successfully showed 
that miR-31 is involved during the multiple step metastatic process  in vivo , including 
local invasion, extravasation or initial survival at a distant site, and metastatic 
colonization. MiR-126 and miR-335 have been identifi ed as human breast cancer 
metastasis suppressor miRNAs that exert their unique effects on distinct steps of the 
invasion-metastasis cascade. By performing array-based miRNA profi ling, Tavazoie 
et al. ( 2008 ) revealed that the expression of both miRNAs is lost in the majority of 
primary breast tumors with metastatic relapse, and the loss of expression of either 
miRNA is associated with poor distal metastasis-free survival. Importantly,  in vivo  
experiments showed that miR-126 restoration reduced overall tumor growth and 
proliferation (at both primary site and distant organs), whereas miR-335 caused a 
signifi cant reduction in cell motility and invasive capacity. The strong association 
of the loss of miR-335 and miR-126 expression with clinical metastatic relapse 
suggests the potential for the use of these miRNAs in prognostic assessment of 
breast cancer patients in addition to conventional clinical and pathological staging 
markers. Moreover, another study identifi ed that miR-193b signifi cantly inhibited 
the growth and dissemination of xenograft breast tumors in an immunodefi cient 
mouse model. This study showed that the loss of miR-193b confers the metastatic 
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colonization ability to the cells. As the loss of miR-193b expression is strongly 
correlated with metastasis, the use of this miRNA in addition to conventional clinical 
and pathological staging markers could be an attractive option for the prognostic 
stratifi cation of patients with breast cancer (Li et al.  2009 ) (Table  1.2 ).  

3.3     MiRNAs and Epithelial to Mesenchymal Transition 

 Epithelial to mesenchymal transition (EMT), in which polarized epithelial cells are 
converted into motile cells, plays an important role in tumor invasion and metastasis 
(Thiery  2002 ; Yang and Weinberg  2008 ; Togawa et al.  2011 ). The effect of miR- 
125b on metastatic activities of breast cancer cells was studied by Tang et al. They 
reported that miR-125b signifi cantly up-regulates the expression of two EMT markers 
(i.e. vimentin and α-SMA expression) but another EMT marker (E-Cadherin) shows 
no signifi cant change. Elevating vimentin and α-SMA expression results in a high 
metastasis potentiality and some mesenchymal cell characteristics in breast cancer 
cells (Tang et al.  2012 ). A large body of evidence indicates that the miR-200 family 
inhibits EMT and cancer cell migration by enhancing E-cadherin expression through 
direct targeting of the EMT-promoting transcription factors Zeb1 and Zeb2 (Korpal 
et al.  2008 ; Gregory et al.  2008 ; Park et al.  2008 ; Burk et al.  2008 ; Bracken et al. 
 2008 ). However, a study reported that over-expressing miR-200 in Murine breast 
cancer cell line 4TO7 enhances the ability of these cells to metastasize to lung and 
liver. This study reported that miR-200 expression leads to promote a mesenchymal 
to epithelial cell transition (MET) by suppressing Zeb2 expression. This fi nding 
contrasts with the EMT hypothesis of cancer metastasis that implies that the 
induction of epithelial characteristics would inhibit the formation of metastasis. 
This apparent contradiction could be explained on the basis that for some tumors, a 
reversion of the mesenchymal phenotype of malignant cells may facilitate tumor 
colonization at metastatic sites. This suggests that the epithelial nature of a tumor 
does not predict metastatic outcome. Moreover, these results imply that the cellular 
context of miRNA expression decisively controls the function of a miRNA 
(Dykxhoorn et al.  2009 ).   

4     MicroRNAs and Tumor Angiogenesis 

 Angiogenesis is characterized by growth of new blood vessels from pre-existing vascu-
lature in response to physiological or pathophysiological stimuli. This process, which 
involves proliferation, migration, and maturation of endothelial cells, plays an impor-
tant role during tumor growth and metastasis (Urbich et al.  2008 ; Chung et al.  2010 ). 

 Evidence for the signifi cance of miRNAs as regulators of angiogenesis comes 
from observations that Dicer is a critical component for embryonic angiogenesis. 
It has been shown that blood vessel formation/maintenance in Dicer-defi cient mice 

1 MicroRNAs and Cancer: An Overview



14

embryos and their yolk sacs was severely compromised, suggesting a possible role 
for Dicer in angiogenesis through its function in the processing of miRNAs (Yang 
et al.  2005 ). Consistent with this observation, another studies showed that genetic 
silencing of Dicer in endothelial cells leads to down-regulation of several key positive 
regulators of the angiogenic phenotype and impairs tube formation activity  in vitro  
and  in vivo  (Suarez et al.  2007 ; Kuehbacher et al.  2007 ). Mounting studies suggest 
that a number of angiogenesis-related miRNAs affect cancerous phenotype of 
malignant cells. MiRNAs can modulate angiogenesis by targeting positive or negative 
regulators in angiogenic signaling pathways (Hong et al.  2013 ; Landskroner- Eiger 
et al.  2013 ). Some miRNAs involved in tumor angiogenesis are summarized in 
Table  1.3 , most of which will be discussed in more detail in the sections below.

4.1       Pro-angiogenic miRNAs 

 Up-regulation of pro-angiogenic growth factor receptors (such as platelet-derived 
growth factor receptor, “PDGFR” and vascular endothelial growth factor receptor, 
“VEGFR”) on endothelial cells is a common feature of angiogenesis (Batchelor 
et al.  2007 ; Shih and Holland  2006 ).    Wurdinger et al. ( 2008 ) showed that glioma- or 
growth factor-mediated induction of miR-296 in endothelial cells leads to increased 
levels of pro-angiogenic growth factor receptors VEGFR2 and PDGFR-β. Possible role 
of miR-296 in promoting angiogenesis in tumor was further supported when inhibition 
of miR-296 with antagomirs reduced angiogenesis in tumor xenografts  in vivo . 

 Some other miRNAs, such as miR-378 and miR-17-92 cluster, have been also 
implicated in tumor angiogenesis. MiR-378 functions as an oncogene by enhancing 
tumor cell survival, blood vessel expansion, and tumor growth by targeting two 
tumor suppressors, SuFu (suppressor of fused) and Fus-1 (Lee et al.  2007a ). The 
miR-17-92 cluster not only augments angiogenesis in endothelial cells during 
normal development (Suarez et al.  2008 ), but also its upregulation in cancer cells 
can serve to promote angiogenesis during tumor growth in a xenograft model (Dews 
et al.  2006 ). Importantly, this angiogenic effect is exerted through down-regulation 
of anti-angiogenic thrombospondin-1 (TSP-1) and related proteins, such as connective 
tissue growth factor (CTGF) (Dews et al.  2006 ). 

 One study showed that many miRNAs derived from tumor cells are packaged 
into microvesicles and then directly delivered to their microenvironment. These 
tumor-secreted microvesicles are then capable of interacting with proximal endothelial 
cells to transport miRNAs in endothelial cells. Among these miRNAs, it was 
shown that tumor-secreted miR-9 promotes endothelial cell migration and tumor 
angiogenesis by activating JAK-STAT pathway, one of the major oncogenic signaling 
pathways activated in a variety of human malignancies. Importantly, administration 
of miR-9 antagomiRs (anti-miR-9) or JAK inhibitors impaired microvesicles-induced 
cell migration  in vitro  and decreased tumor burden  in vivo . Taken together, these 
observations support a novel intercellular communication in which tumor-secreted 
miRNAs function as pro-angiogenic mediators during tumorigenesis (Zhuang et al. 
 2012 ) (Table  1.3 ).  
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4.2     Anti-angiogenic miRNAs 

 The miR-34 family of miRNAs (miR-34a, b and c) as direct, conserved p53 target 
genes presumably induces apoptosis, cell cycle arrest and senescence (Bommer 
et al.  2007 ; Chang et al.  2007 ). MiR-34a functions as a tumor suppressor that is 

     Table 1.3    Some microRNAs involved in the regulation of tumor angiogenesis   

 MicroRNA  Function 
 Validated 
target(s)  Reference(s) 

 miR-9  Pro-angiogenic: promotes endothelial cell 
migration and tumor angiogenesis by 
activating the JAK-STAT pathway 

 SOCS5  Zhuang et al. ( 2012 ) 

 miR-34a  Anti-angiogenic: its down-regulation 
promotes tumor growth and tumor 
angiogenesis in head and neck 
squamous cell carcinoma 

 E2F3 
(directly), 
Survivin 
(indirectly) 

 Kumar et al. ( 2012 ) 

 miR-17-92  Pro-angiogenic: promotes angiogenesis 
within tumor cells and in dicer- 
depleted endothelial cells 

 TSP-1, CTGF  Suarez et al. ( 2008 ) 
and Dews et al. 
( 2006 ) 

 miR-98  Anti-angiogenic: plays a regulatory role in 
tumor angiogenesis and invasion in a 
highly aggressive breast cancer model 
 in vitro  and  in vitro  

 ALK4, 
MMP11 

 Siragam et al. ( 2012 ) 

 miR-125b  Anti-angiogenic: inhibits tube formation 
of endothelial cells  in vitro  

 VE-cadherin  Muramatsu et al. 
( 2013 ) 

 miR-126  Pro-angiogenic: required for vascular 
integrity and angiogenesis  in vivo.  It 
plays a role in regulating the adhesion 
of leukocytes to the endothelium. 

 SPRED-1, 
PIK3R2, 
VCAM1 

 Fish et al. ( 2008 ), 
Harris et al. 
( 2008 ), and Wang 
et al. ( 2008a ) 

 miR-130a  Pro-angiogenic: its expression antago-
nized the inhibitory effects of GAX or 
HOXA5 on endothelial cell tube 
formation  in vitro . 

 HOXA5, GAX  Chen and Gorski 
( 2008 ) 

 miR- 
221/222 

 Anti-angiogenic: inhibit normal erythro-
poiesis and erythroleukemic cell 
growth and prevent endothelial cell 
migration, proliferation and angiogen-
esis  in vitro . 

 c-KIT  Poliseno et al. 
( 2006 ), Felli et al. 
( 2005 ), and 
Urbich et al. 
( 2008 ) 

 miR-296  Pro-angiogenic: its induction in endothe-
lial cells results in increased levels of 
pro-angiogenic growth factor receptors 
VEGFR2 and PDGFR-β. Its inhibition 
reduces angiogenesis in tumor 
xenografts  in vivo . 

 HGS  Wurdinger et al. 
( 2008 ) 

 miR-378  Pro-angiogenic: promotes tumorigenesis 
and angiogenesis  in vitro  

 SuFu, Fus-1  Lee et al. ( 2007a ) 

  Abbreviations:  SOCS5  suppressor of cytokine signaling 5,  TSP-1  Thrombospondin-1,  CTGF  connective 
tissue growth factor,  GAX  growth arrest homeobox,  HGS  hepatocyte growth factor- regulated 
tyrosine kinase substrate,  SuFu  suppressor of fused,  VE-cadherin  vascular endothelial cadherin, 
 ALK4  activin receptor-like kinase-4,  MMP11  matrix metalloproteinase-11  
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frequently down-regulated in various tumor types. Kumar et al. ( 2012 ) demonstrated 
that miR-34a expression is signifi cantly down-regulated in head and neck squamous 
cell carcinoma tumors and cell lines. Ectopic expression of miR-34a reduced head 
and neck tumor cell proliferation, colony formation and migration and also 
significantly inhibited tumor growth and tumor angiogenesis in a SCID mouse 
xenograft model. This  in vivo  tumor growth study revealed that miR-34a inhibits 
tumor angiogenesis by down-regulating VEGF, a key angiogenic factor. 

 Siragam et al. ( 2012 ) defi ned a regulatory role for miR-98 in tumor angiogen-
esis and invasion using a highly aggressive breast cancer model  in vitro . They 
showed that miR-98 inhibits tumor angiogenesis and invasion by repressing 
activin receptor-like kinase-4 (ALK4) and matrix metalloproteinase-11 (MMP11) 
expression. 

 Another study showed that transient induction of miR-125b inhibits  in vitro  tube 
formation of endothelial cells through suppression of vascular endothelial (VE)-
cadherin. Importantly, induction of miR-125b induced non-functional blood ves-
sels, resulting in inhibition of tumor growth. It seems that prolonged over-expression 
of miR-125b could be an option in cancer therapy by causing collapse of the lumen 
of endothelial cells (Muramatsu et al.  2013 ) (Table  1.3 ).   

5     MicroRNA Profi ling by High-Throughput Technologies 

 Considering the fact that current cancer detection tests have their own limitations, 
the use of miRNAs as promising biomarkers for diagnosis and prognosis of cancer 
has aroused intense research interests. Additionally, distinctive pattern of miRNA 
expression also serves as markers of important histopathologic features such as 
tumor stage, proliferative capacity and vascular invasion (Lynam-Lennon et al. 
 2009 ). 

 Many expression profi ling studies of miRNA genes have been performed on 
different types of cancer. However, the results of analyses of the same type of cancer 
by different groups are not always consistent. The disparity in these results might 
attribute to the different platforms for miRNA profi ling in each case and the use of 
different sample storage methods (Calin and Croce  2009 ). 

 Currently, the most widely used methods for miRNA profi ling are based on 
sequencing, microarray, and real-time quantitative PCR. Microarray platforms have 
been used for miRNA profi ling, but suffer from background and cross-hybridization 
problems and are generally restricted to identifying the relative abundance of 
previously discovered miRNAs (Calin et al.  2004a ; Chen et al.  2009 ). Sequencing-
based applications for identifying and profi ling miRNAs have been hindered by 
laborious cloning techniques and the expense of capillary DNA sequencing (Pfeffer 
et al.  2005 ; Cummins et al.  2006 ). High-throughput sequencing-based approaches 
to generate miRNA profi les, hugely enabled by next-generation technologies, 
provide several advantages over probe-based methodologies, including the ability 
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to discover novel miRNAs and the potential to detect variations in the mature 
miRNA length and miRNA editing (Morozova and Marra  2008 ). Next-generation 
sequencing technologies are able to identify low abundance miRNAs or those 
exhibiting modest expression differences among samples, which may not be detected 
by hybridization-based methods. Real-time quantitative PCR, another highly sensitive 
technique for miRNA quantification, is capable of distinguishing mature and 
precursor miRNA, and produces fewer false-positives and reduced bias when 
compared with microarray or sequencing approaches (Chen et al.  2009 ; Fuller et al. 
 2009 ; Petriv et al.  2010 ). Real-time PCR may be used to validate the expression 
of miRNAs discovered during high throughput arrays and study the expression of 
individual miRNAs. This method provides several important advantages for miRNA 
profi ling studies including low cost, superior detection of low-abundance species 
and high throughput (Schmittgen et al.  2008 ). The emergence of novel high- throughput 
technologies will allow more sensitive and effi cient miRNA detection in patient 
samples, and identifi cation of novel miRNAs. However, standardization of these 
novel methods is necessary to overcome the variability observed when different 
miRNA-expression detection platforms are used.  

6     Potential Use of MicroRNAs in Cancer Therapy 

 Dysregulation of miRNA has been widely observed in different types of human 
cancers (Table  1.4 ), and there is mounting evidence demonstrating their important 
roles during cancer development and progression. Uncovering the possible mechanisms 
underlying the importance of miRNAs in the pathogenesis of human cancers 
may lead to the development of miRNA-based therapeutic strategies or diagnostic/
prognostic biomarkers.

   Since cancer cells often have a distinctive expression pattern of oncogenic and 
tumor suppressive miRNAs (Babashah et al.  2012 ; Babashah and Soleimani  2011 ; 
Calin and Croce  2006 ), approaches that manipulate miRNA expression levels, 
either alone or in combination with currently used therapies, may prove to be thera-
peutically benefi cial. Sequence-specifi c knockdown of oncogenic miRNAs by 
chemically engineered oligonucleotides termed “antagomirs” or locked nucleic acid 
(LNA)-modifi ed oligonucleotides is a plausible therapeutic approach for inhibiting 
expression levels of oncogenic miRNAs in cancer (Orom et al.  2006 ; Krutzfeldt 
et al.  2005 ). In contrast, elevating the expression level of tumor suppressive 
miRNAs that could be achieved by viral or liposomal delivery of mimic miRNAs 
represents a potential therapeutic strategy against cancer (Calin and Croce  2006 ; 
Meng et al.  2006 ). However, many concerns need to be addressed before consideration 
of conducting miRNA-based therapy including dosage, safety, specifi city, stability, 
effi cacy, and problems of delivery to the target (Chen et al.  2010 ; Cho  2010b ; Tong 
and Nemunaitis  2008 ; Wu et al.  2007 ).  
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7     Conclusions and Perspectives 

•     As miRNAs can regulate various target genes, precise attribution of their functions 
on gene expression is very complicated. However, the critical involvement of 
miRNAs in many aspect of cancer biology is irrefutable.  

•   Although miRNAs are postulated to function as either oncogenes or tumor 
 suppressors in human cancers, further studies establishing such roles for 
miRNAs using  in vivo  experimental models are needed to elucidate precise 
mechanisms of miRNAs functions in cancer.  

•   MiRNA expression profi ling of human cancers has identifi ed diagnostic and 
prognostic signatures. Additionally, miRNA signatures could be used for cancer 
classifi cation and prediction of therapeutic effi cacy.  

•   The association of miRNA dysregulation with oncogenesis demonstrates the 
feasibility of manipulating miRNA levels as a potential strategy for therapeutic 
purposes.  

•   Given the potential involvement of candidate miRNAs in the pathogenesis of 
human cancers, it seems that pharmacological modulation of miRNA expression 
will have a brilliant future and become a promising option in cancer therapy.        
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    Abstract     Classical genetics alone cannot explain how cancer occurs pretty well, 
and the proposal of concept of epigenetics provides a partial explanation about the 
cause of cancers. DNA methylation and histone modifi cations are the best-known 
epigenetic marks. MicroRNAs (miRNAs), a class of endogenous, single-stranded, 
non-coding small RNA with 18–22 nucleotides in length, play a critical role in 
initiation, progression, metastasis and invasion of cancers. It is widely recognized 
that deregulation of miRNAs is a hallmark of cancer. The expression of miRNAs 
can be regulated by several mechanisms, including epigenetic changes. Furthermore, 
it has been discovered that a subgroup of miRNAs, which are known as epi-miRNAs, 
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can regulate the expression of effectors of the epigenetic mechanisms by directly or 
indirectly targeting these epigenetic-modifying enzymes and molecules. This chapter 
will focus on how epigenetic changes regulate the miRNAs expression as well as 
how epi-miRNAs affect the epigenome, and how to translate these fi ndings into 
clinical application.  

  Keywords     Epigenetics   •   DNA methylation   •   Histone modifi cations   •   MicroRNA   
•   Human cancer  

1         Brief Introduction of Epigenetics and Common 
Epigenetic Mechanisms 

 The human genome contains two types of genetic information: one is genetic 
information in the traditional sense; the other is the epigenetic information. In 1942, 
the term “epigenetics” was proposed for the fi rst time by Waddington in a paper 
entitled “The epigenotype Endeavour”, and it was defi ned as “the causal interactions 
between genes and their products which bring the phenotype into being” (Waddington 
 2012 ). “Epigenetics” is derived from “epigenesis” and can be split into two parts, 
which are “epi” and “genetics”. “Epi” is a Greek prefi x that means “above” or 
beyond, hence the word indicated that epigenetic events were needed to be studied 
above or beyond genetics. However, the word “epigenetics” was rarely mentioned 
in the following three decades. Even if it was mentioned, the meaning of it was not 
the same as the defi nition proposed by Waddington. In 1980s, some scholars began 
to use the word “epigenetics” in the same meaning as Waddington’s defi nition. By 
the early 1990s, epigenetics entered into the fast development period. With a deeper 
knowledge of the phenomenon of epigenetics, the meaning of “epigenetics” has 
been constantly evolved. Nowadays, the meaning of “epigenetics” is different from 
the defi nition given by Waddington. At present, the widely accepted defi nition of 
“epigenetic” is that there are mitotically and potential meiotically heritable alterna-
tions in gene expression without any concomitant changes in original DNA sequence 
(Taby and Issa  2010 ). In other words, the phenotype changes while genotype does 
not change. The epigenetics mainly includes three characteristics: heritability, 
reversibility and no underlying DNA sequence alteration. There are several epigenetic 
modifi cations that can infl uence DNA, RNA or protein expression, the most common 
of which are DNA methylation and histone modifi cations. 

1.1     DNA Methylation 

 DNA methylation is the epigenetic change which is studied earliest and most 
completely. It occurs when a methyl group from active methylene compounds, such 
as S-adenosylmethionine (SAM), is transferred into C5 position of cytosine ring in 
CpG dinucleotide under the catalysis of DNA methyltransferases (DNMTs). There 
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are two kinds of distribution of CpG dinucleotides in human genome: genome-wide 
dispersed distribution and local concentration distribution. Approximately 80 % of 
CpG dinucleotides are genome-wide dispersed distribution and are usually located 
in repetitive DNA sequences, such as LINE and Alu sequences, and the other CpG 
dinucleotides are mainly concentrated in CpG islands (CGI). CGI, a 1–2 kb genomic 
region with CpG dinucleotides cluster in mammals, is mainly located in promoter 
region of approximately 50 % of human genes, but sometimes it can also be found 
in the fi rst exon or 5′ untranslated region of genes (Dunn  2003 ). In a healthy cell, 
the genome-wide scattered distribution of CpG dinucleotides are always heavily 
methylated, whereas the CpG dinucleotides in CGI are protected from methylation. 
Aberrant DNA methylation of CGI has been shown to play an important role in 
gene silencing, genomic imprinting, inactivation of X chromosome in women and 
carcinogenesis (Bird  2002 ). In addition, DNA methylation of CGI in promoter 
region can regulate expression of genes through repression of transcription factors, 
such as E2F, binding to corresponding locus of DNA sequences and recruitment 
of methyl-CpG binding domain proteins (MBDs), including MBD1-4 and MeCP2, 
which can recruit enzymatic machinery to establish silent chromatin (Campanero 
et al.  2000 ; Bogdanovic and Veenstra  2009 ). 

 The addition of a methyl group to C5 position of cytosine is catalyzed by a family 
of enzymes, DNMTs. The active DNMTs mainly include DNMT1, DNMT3a and 
DNMT3b. DNMT1, as a maintenance methyltransferase, plays a critical role in 
maintaining the methylation patterns via replication of methylation patterns during 
S phase of mitosis (Leonhardt et al.  1992 ). Nevertheless, DNMT3a and DNMT3b 
act as  de novo  methyltransferases that methylate the unmethylated genomic regions 
(Okano et al.  1999 ). Hence, DNMT1 can unite with DNMT3a/3b to establish and 
maintain the DNA methylation patterns. DNMT2 is also the member of DNMT family, 
but its catalytic activity is very weak. DNA methyltransferase 3-like (DNMT3L) is 
a member of DNMT3 family, and it has been found to enhance the catalytic activity 
of DNMT3a/3b through binding to their catalytic domains (Gowher et al.  2005 ). 
DNA methylation is a reversible process, and DNMT inhibitors can be used to reduce 
the level of methylation. Among these inhibitors, 5-aza-2′-deoxycytidine (5-aza-dC) 
may be the most commonly used one. The 5-aza-dC is a cytidine analog, and inhibits 
the function of DNMTs by covalently bonded with them.  

1.2     Histone Modifi cations 

 In eukaryotic cells, the basic unit of chromatin is the nucleosome, which consists of 
147 bp of DNA wrapped around two copies of each of the core histones H2A, H2B, 
H3 and H4. Moreover, H1, known as a linker histone, plays a role in linking nucleo-
some to each other. In the early 1960s, Allfery fi rst reported the acetylation and 
methylation of histones and supposed that the two histone modifi cations might play 
role in regulation of transcription (Allfrey et al.  1964 ). Through studies for almost 
half century, we have known that there are many other post-translational histone 
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modifi cations. Moreover, in addition to the effect on transcription, histone modifi cations 
have also been found to be associated with various other fundamental biological 
processes, such as DNA repair, DNA replication and chromosome condensation 
(Kouzarides  2007 ). C-terminal globular domain of histones is involved in interactions 
between histones and organization of the DNA wrapped around the histones (Peterson 
and Laniel  2004 ), whereas the N-terminal tails can undergo a variety of post-translational 
modifi cations, including acetylation, methylation, phosphorylation, sumoylation, 
ubiquitination, ADP ribosylation, etc. By these chemical modifi cations, histone 
proteins can store epigenetic information, which is defi ned as “histone code”, and 
induce the switch versus heterochromatin or euchromatin (Iorio et al.  2010 ). So far, 
the most studied histone modifi cations should be methylation and acetylation of 
special residues on histones H3 and H4. Moreover, several enzymes have been 
found to play the role in activation or repression of transcription through transferring 
or removing methyl group and acetyl group to histones, including histone methyl-
transferases (HMTs), histone de-methylases (HDMs), histone acetyl-transferases 
(HATs) and histone de-acetylases (HDACs). 

1.2.1     Histone Acetylation 

 Since the fi rst report by    Allfery et al. ( 1964 ), histone acetylation has been paid more 
and more attention. It has been found that the lysine’s positive charge can be 
neutralized by combined with acetyl groups with negative charge, which may 
decrease the affi nity between Histone octamer and DNA (Hong et al.  1993 ). Hence, 
histone acetylation can lead to relaxation of nucleosome structure, allowing that the 
transcription factors and cofactors bind to DNA binding sites, which active the gene 
transcription. As we known, histone acetylation that occurs at lysine residues in 
N-terminal tails is a dynamic process, and it is reversible. Histone acetylation is 
regulated by two enzymatic families, HATs and HDACs, which play the opposite 
effect. HATs can add the acetyl group to ε-amino group    of lysine residues with the 
help of acetyl-CoA cofactor, and induces activation of transcription. According to 
the acting position and function, HATs can be divided into two types: the cytoplasmic 
type-B HATs which acetylate free histone and the nuclear type-A HATs which 
acetylate nucleosome histones and play a major role in transcriptional regulation. 
In addition to acetylate histones, HATs have also been found to acetylate non-
histone proteins, such as p53 (Glozak et al.  2005 ). Compared with type-B HATs, 
type-A HATs are more diversifi ed. Type-A HATs can be divided into three major 
families based on the sequence homology and structure: general control non-
derepressible 5 (GCN5)-related N-acetyl-transferase (GNAT), MYST family and 
p300/CREB- binding protein (CBP) (Hodawadekar and Marmorstein  2007 ). These 
enzymes have been found to exist in multisubunit complexes, in which the specifi c 
functions of catalytic subunits are regulated by the other non-catalytic subunits (Lee 
and Workman  2007 ). Different HAT complexes that are made up of unique sub-
strates generally have different residences and distinctive features, whereas several 
complexes which share many same subunits can also have specifi c functions. For 
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example, SAGA complex and NuA3 complex have overlapped substrates, but the 
former gives priority to modify H3K9 and the latter preferentially modifi es H3K14 
(John et al.  2000 ). 

 Nevertheless, HDACs are a family of enzymes that reverse the acetylation of 
histone proteins through removing the acetyl group from lysine residues, which can 
induce euchromosome into heterochromosome, resulting in repression of transcription. 
Based on the sequence homology as well as structural and functional differences, 
HDACs can be divided into four classes: Classes I, II, III and IV (Brandl et al.  2009 ). 
Class I HDACs that include HDAC 1–3 and 8 are homologous to yeast scRpd3 and 
are widely expressed, whereas Class II HDACs that include HDAC 4–7 and HDAC 
9–10 are most closely related to yeast scHda1. Moreover, according to domain 
organization, Class II HDACs can be further subdivided into Class IIa HDACs which 
include HDAC 4, 5, 7 and 9 and Class IIb HDACs which include HDAC 6 and 10, 
and they are expressed in a cell-special manner. Class IV HDACs only have one 
member, HDAC11, and its function is poorly understood. Unlike the above mentioned 
three classes that require a zinc metal ion to play a catalytic role, the Class III 
HDACs, including sirtuin 1–7, that are homologous to yeast scSir2 have deacetylase 
activity depending on a specifi c cofactor, NAD (nicotinamide adenine dinucleo-
tide) + . Similar to HATs, HDACs can target histone proteins as well as non-histone 
proteins, and play catalytic activity by existing in multisubunit complexes, such as 
Sin3, NCoR/SMR, NuRD and CoREST (Hayakawa and Nakayama  2011 ).  

1.2.2     Histone Methylation 

 Histone methylation is another common histone modifi cation. Different from histone 
acetylation, histone methylation does not neutralize the positive charge of histones, 
and it can not only occur on lysine residues, but also on the arginine and histidine 
residues. Lysine residues can be mono-, di-, or tri-methylated, and arginine residues 
can be mono-methylated, symmetrically or asymmetrically di-methylated. Histidine 
residues have also been found to be mono-methylated, whereas this type of 
methylation is seldom studied. The histone methylation which occurs on the lysine 
residues may be the most widely studied one, and the methylated sites of lysine 
mainly include H3 lysine 4 (H3K4), H3K9, H3K27, H3K36, H3K79, and H4K20 
(Greer and Shi  2012 ). The addition of a methyl group from SAM to ε-amino group 
of lysine residues is catalyzed by a family of enzymes, histone lysine methyltransferases 
(HKMTs). Since the fi rst HKMT, SUV39H1, which can specifi cally methylate H3K9 
was reported in human (Rea et al.  2000 ), a number of HKMTs have been found. 
HKMTs can be divided into two types: SET domain-containing HKMTs and non-
SET domain HKMTs. Almost all of the HKMTs contain the SET domain which 
harbours the methyltransferase activity, whereas DOT1-like protein (DOT1L) as the 
unique H3K79 methyltransferase does not contain the SET domain. The reason for 
the structural difference of DOT1L is not suffi ciently clear, but DOT1L-mediated 
H3K79 methylation has been found to be involved in regulation of gene expression, 
regulation of cell cycle and DNA damage response, etc. (Nguyen and Zhang  2011 ). 
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Calmodulin methyltransferase is another non-SET domain HKMT, and it has been 
reported to trimethylate Lys-115 (Magnani et al.  2010 ). HKMTs can specifi cally 
target lysine residues and modify the certain lysines to certain degree of methylation. 
For example, human HKMT SET7/9 targets H3K4 and can exclusively mono-
methylate the target (Xiao et al.  2003 ). Arginine methylation is also an important 
type of histone methylation, and the methylated sites of arginine mainly include H3 
arginine 2 (H3R2), H3R8, H3R17   , H3R26 and H4R3 (Greer and Shi  2012 ). Arginine 
methylation has been found to play a critical role in many cellular processes, such as 
transcriptional regulation, DNA repair, RNA process, cellular proliferation and sig-
nal transduction (Wolf  2009 ). The addition of a methyl group from SAM to argi-
nine’s guanidinyl group is catalyzed by a family of enzymes, protein arginine 
methyltransferases (PRMTs). So far, 11 human PRMTs, PRMT1-11, have been 
identifi ed. PRMTs can be divided into type I, type II or type III. Type I and type II 
PRMTs can mono- and di-methylate the arginine’s ω-guanidino nitrogen atoms in 
human, whereas the type III PRMTs enzymes mono- methylate the arginine’s 
δ-guanidino nitrogen atom and are only found in yeast. In humans, both type I PRMTs, 
including PRMT1, PRMT3, PRMT4/CARM1, PRMT6 and PRMT8, and type II 
PRMTs, including PRMT5, PRMT7 and PRMT9, can catalyze the production 
of ω- N   G  -monomethylarginine (MMA), but type I PRMTs further produce asym-
metric ω- N   G ,  N   G -dimethylarginine (ADMA) and type II PRMTs further produce 
symmetric ω- N   G ,  N ′ G -dimethylarginine (SDMA). Nevertheless, the type of the 
remaining three PRMTs, PRMT2, 10 and 11, is still not confi rmed. 

 Histone methylation is not identifi ed as a dynamic and reversible modifi cation 
until the identifi cation of the fi rst HDM, lysine-specifi c histone demethylase 1 
(LSD1), in 2004 (Shi et al.  2004 ). There are two families of HDMs that have been 
found: LSD family with two members, LSD1 and LSD2, and JMJC demethylases 
which contain JmjC domain. Due to the fact that LSD family needs a free electron 
pair at the methylated lysines to initiate demethylation, LSD1 and LSD2 are only 
able to demethylate the mono- or di-methyllysine. It has been found that LSD1/2 
catalyzes demethylation through the amine oxidation reaction which is fl avin 
adenine dinucleotide (FAD)-dependent. Since JmjC domain-containing histone 
demethylase 1 (JHDM1) that can specifi cally target H3K36 was discovered in 
2006 (Tsukada et al.  2006 ), another family of HDMs, JMJC family, has been 
identifi ed. The demethylation reaction catalyzed by JMJC family is an iron-
dependent and α-ketoglutarate-dependent dioxygenase reaction. Unlike LSD 
family that needs protonated nitrogen for demethylation reaction and, hence, 
JMJC family can also remove methyl groups from tri-methylated substrates. The 
fi rst identifi ed JmjC domain proteins that can reverse the tri-methylation status of 
histone Lysines were JMJD2 family of proteins, which are able to catalyze 
demethylation of tri- methylated H3K9 and H3K36 (Whetstine et al.  2006 ). To 
date, the members of JMJC family have been found to target Lys4, 9, 27 and 36 
on H3 and Lys20 on H4 (Iwase et al.  2007 ; Agger et al.  2007 ; Whetstine et al. 
 2006 ; Tsukada et al.  2006 ; Liu et al.  2010 ). Nevertheless, the histone arginine 
demethylases are still poorly understood.  
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1.2.3     Other Histone Modifi cations 

 There are also other post-translational modifi cations that can target histone proteins, 
including phosphorylation, ubiquitination and ADP ribosylation. Histone phos-
phorylation can target serine, threonine and tyrosine residues, and it is regulated 
by two enzymes, kinases and phosphatases, which have opposite effects. Kinases 
can result in phosphorylation of histones, whereas phosphatases are involved in 
dephosphorylation. Similar to histone acetylation, phosphorylation of specifi c sites 
can neutralize the positive charge of histone, which may infl uence the stability of 
chromatin structure. Histone phosphorylation can occur on four nucleosome core 
histones as well as histone H1, and it usually interplays with other post-translational 
modifi cations, called crosstalk, which is correlated with a number of cellular events, 
such as chromosome condensation, DNA repair, transcriptional regulation and cell 
cycle progression (Banerjee and Chakravarti  2011 ). It has been found that histones 
can also be modifi ed by ubiquitin, a 76-amino-acid protein. Histone ubiquitination 
occurs on highly conserved lysine residues, and is catalyzed by three kinds of 
enzymes, ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2) and 
ubiquitin-protein ligase (E3) (Pickart  2001 ). Histones can be mono-ubiquitinated 
and poly-ubiquitinated, and all types of histone proteins have been found to be 
modifi ed by ubiquitin. Among these ubiquitinated histones, mono-ubiquitinated 
H2A and H2B may be the most studied. Histone ubiquitination is also a dynamic 
and reversible modifi cation, and it is mainly removed from histone lysines by a class 
of cysteine proteases, namely deubiquitinating enzymes (DUBs). ADP- ribosylation 
of histones is also a reversible post-translational modifi cation, and it is associated 
with cellular process, such as DNA repair, cell cycle regulation, replication or 
transcription. ADP-ribosylation of histones occurs when an ADP-ribosyl group 
from NAD +  is transferred to specifi c amino acid residues of histone tails or to 
histone-bound ADP-ribose under the catalysis of ADP-ribosyltransferases 
(ARTs), which lead to mono- ADP-ribosylation and poly-ADP-ribosylation, respectively. 
Histone ADP-ribosylation can be degradated by two families of enzymes: ADP- 
ribosylhydrolases (ARHs) and poly-ADP-ribose-glycohydrolases (PARGs). So 
far, only one RARG and three ARHs, ARH1-3, have been identifi ed in human (Oka 
et al.  2006 ; Koch-Nolte et al.  2008 ; Mortusewicz et al.  2011 ).    

2     The Role of Epigenetic Changes in Cancer 

 It is well known that tumorogenesis is a multistep process, which is involved in genetic 
and epigenetic alterations. Growing evidence has indicated that epigenetic modifi ca-
tions play critical roles in carcinogenesis. In cancers, aberrant methylation is classifi ed 
into hypermethylation and hypomethylation. DNA hypomethylation is mostly genomic 
hypomethylation which often occurs in DNA-repetitive regions. Nevertheless, there is 
also gene-specifi c hypomethylation which usually occurs in promoter-associated 
CGI. Global hypomethylation results in genome instability, loss of imprinting and 
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reactivation of transposable elements (Dunn  2003 ; Eden et al.  2003 ), and gene-specifi c 
hypomethylation is associated with aberrant expression of oncogenes (Kwon et al. 
 2011 ; Tsai et al.  2010 ). However, the aberrant hypermethylation in CGI leads to 
transcription-silencing of tumor suppressor genes or DNA repair genes, such as tumor 
suppressor gene P16 and DNA repair gene MLH1 (Hossain et al.  2012 ), which 
contributes to tumor formation (Fig.  2.1 ). Moreover, based on the two-hit hypothesis, 
hypermethylation of tumor suppressor genes may act as the second hit after genes 
mutation, which is the fi rst hit (Knudson  2001 ). In addition to aberrant DNA 
methylation, cancer cells also suffer from disruption of histone post-translational 
modifi cations. Understanding the critical roles of histone modifi cations in fundamental 
biological processes, such as transcription regulation, DNA repair, DNA replication 
and chromosome condensation, it is not surprising that aberrant histone modifi cations 
can be linked to carcinogenesis. Nevertheless, compared with DNA methylation, the 
information regarding histone modifi cations in cancers is limited, and only a fraction 
of modifi ed residues in histone tails have been identifi ed to be associated with carci-
nogenesis so far. In addition, a few histone modifi ers, such as HDACs, HMTs, HDMs 
and HMT Polycomb group protein, EZH2, have been found to present abnormal 
expression in cancer, which may alter the levels and patterns of histone modifi cations 
and turn out to be deregulation of chromatin-based processes, fi nally resulting in 
development and progression of cancer. Furthermore, there is an epigenetic regulatory 
crosstalk between histone modifi cations and DNA methylation, which is associated 
with transcription regulation and abnormal silencing of genes in cancer (Vaissiere 

  Fig. 2.1    Two types of aberrant methylation and their functional outcomes       
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et al.  2008 ). With the development of research on critical role of microRNAs (miRNAs) 
in tumorogenesis, the complicated network between epigenetic regulation and gene 
expression has become more complex.

3        Epigenetic Regulation of MicroRNAs in Cancer 

3.1     MiRNA 

 Noncoding RNAs also belong to category of epigenetics. Noncoding RNAs (ncRNAs) 
can be divided into small (under 200 nucleotides) or large ncRNAs. Moreover, 
small ncRNAs can be further subdivided into microRNAs (miRNAs), endogenous 
small interfering RNAs (endo-siRNAs), PIWI-interacting RNAs (piRNAs) and small 
nucleolar RNAs (snoRNAs). Owing to the critical role of miRNAs in the process of 
life, this class of small ncRNAs has been attracting more and more attention from 
researchers. MiRNAs is a class of endogenous, single-stranded, small ncRNAs 
with ~22 nucleotides (nts) in length, which remain highly conservative in phylogeny. 
Since the fi rst report in 1993 and truly recognized in early 2000 (Lee et al.  1993 ; 
Reinhart et al.  2000 ), miRNAs has been one of the most popular and fastest growing 
research areas in molecular biology. So far, there have been more than 1,000 miRNAs 
identifi ed in human, which regulate approximately 30 % of human protein-coding 
genes (Filipowicz et al.  2008 ). MiRNAs can modulate gene expression at post-
transcriptional level through base pairing to mRNAs. In mammals, miRNAs mainly 
sequence-specifi cally bind to 3′-untranslated region (3′UTR) of target mRNAs. 
The perfect complementarity between miRNA and target mRNA can trigger RNA 
interference (RNAi), which results in mRNA cleavage. However, partial comple-
mentarity between them leads to translational inhibition of target mRNAs. Recently, 
some studies showed that miRNAs could bind to 5′-untranslated region (5′UTR) 
and protein-coding region of several mRNAs and, however, their functions require 
to be further studied (Lal et al.  2009 ; Lee et al.  2009 ). 

 Due to the characteristic that miRNAs can bind to 3′UTR of target mRNAs by 
partial complementarity, single miRNA may target a number of mRNAs and, in 
contrast, one mRNA may be the targets of many miRNAs. Therefore, abnormal 
expression of miRNAs may affect the normal expression of numerous genes and 
ultimately deregulate the control of biological processes, resulting in development 
and progression of cancer. Moreover, genome-wide studies have indicated that 
approximately 50 % of miRNAs are located at genomic regions of loss of heterozy-
gosity or amplifi cation, fragile sites of chromosomes or other cancer-associated 
regions (Calin et al.  2004b ), which further confi rms the critical role of miRNAs in 
carcinogenesis. Since deregulation of two miRNAs, miR-15 and miR-16, was fi rst 
reported in chronic lymphocytic leukemia (CLL) (Calin et al.  2002 ), a number of 
genome-wide profi ling studies have identifi ed signatures with deregulated miRNAs 
in a variety of cancers. Further study on these deregulated miRNAs indicated that 
they have dual role in carcinogenesis as new oncogenes or tumor suppressor genes. 

2 Epigenetics, MicroRNAs and Human Cancer



38

For instance, miR-21 is universal over-expressed in cancers, and it acts as oncogene 
through inhibiting the expression of targets genes which can regulate cellular 
proliferation, differentiation, and apoptosis as tumor suppressor proteins, such as 
phosphatase and tensin homolog (PTEN) and programmed cell death 4 (PDCD4) 
(Frankel et al.  2008 ; Meng et al.  2007 ). However, the miR-34 family, including 
miR-34a and miR-34b/c, targeted by p53 is universal downregulated in a variety of 
cancers, and the miR-34 members can play the role of tumor suppressor genes by 
regulating the expression of their targets. For example, the expression of miR-34a 
and miR-34c have been identifi ed to be signifi cantly down-regulated in breast 
cancers with lymph node metastasis, and reactivation of miR-34a/c can inhibit the 
metastasis and invasion of breast cancer through directly binding to 3′UTR of 
Fos- related antigen 1 (Fra-1) oncogene and repressing its expression (Yang et al. 
 2012 ). Interestingly, a few miRNAs can function as tumor suppressor genes in some 
cancers, while they can act as oncogenes in other cancers. For instance, miR-25 has 
been found to be down-regulated in human colon cancer, and it could inhibit growth 
and migration of colon cancer cells via repression of a direct target, Smad7 (Li et al. 
 2013 ). Nevertheless, another report found that miR-25 presented over-expression 
in esophageal squamous cell carcinoma (ESCC), and it might induce migration 
and invasion of ESCC through directly targeting 3′UTR of E-cadherin (CDH1) and 
consequently inhibiting the expression of CDH1 (Xu et al.  2012 ). It demonstrates 
that deregulation of some miRNAs may be tissue specifi c. 

 Increased data has demonstrated that miRNAs play critical roles in cellular processes 
associated with differentiation, proliferation, apoptosis, metastasis and invasion, 
and aberrant expression of which may be associated with development, progression 
and prognosis of cancers. Hence, it is necessary to investigate the mechanisms 
which lead to aberrant miRNAs expression in cancer, and a large number of studies 
have been conducted to explore the regulatory mechanisms for miRNAs.  

3.2     Mechanisms of miRNA Deregulation in Human Cancer 

 Recent high-throughput studies have shown that the expression of miRNAs is 
deregulated in most cancer types. Some studies suggest that miRNA expression 
may be widely down-regulated in human tumors relative to normal tissues, whereas 
other studies demonstrate a tumor-specifi c mixed pattern of down-regulation and 
up-regulation of miRNA genes. Even in the same cancer type, some studies have 
also shown that miRNA expression signatures are associated not only with specifi c 
tumor subtypes but with clinical outcomes as well. However, the underlying 
mechanisms of miRNA deregulation in human cancer are still not thoroughly 
understood. Increasing evidence indicates that transcriptional deregulations, 
epigenetic alterations, mutations, DNA copy number abnormalities and defects in 
the miRNA biogenesis machinery might be the possible mechanisms, these 
mechanisms may each contribute, either alone or more likely together to miRNA 
deregulation in human cancer (Deng et al.  2008 ). Furthermore, expression of miRNAs 
can also be affected by other miRNAs, thus creating a complex level of reciprocal 
interaction and regulation (Iorio and Croce  2012 ) (Fig.  2.2 ).
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   Transcriptional regulation is one of the important mechanisms in the control of 
miRNAs expression, which is based on the fact that most miRNA genes are derived 
from primary miRNA transcripts (pri-miRNAs) produced by Pol II and contain a 5′ 
cap and a poly (A) tail. For example, miR-34a family has been shown to be directly 
induced by the tumor suppressor p53, and p53 inactivation is thought to decrease 
miR-34 expression in human cancers (He et al.  2007b ). C-Myc oncogene and transcrip-
tional factor HIF are amplifi ed and over-expressed in several types of human cancers, 
which might contribute to up-regulated miR-17-92 expression and miR- 210 expression 
in cancer, respectively (Chang et al.  2008 ; Camps et al.  2008 ). Taken together, the 
increasing evidence shows that deregulation of miRNAs can be a result of increased 
or decreased transcription due to an altered transcription factor activity. 

 Unlike protein-coding genes, at present information on the mutation and polymorphism 
of miRNAs in cancer is just emerging, but the studies are increasing. For example, 
inherited mutations in the primary transcripts of miR-15a and miR-16-1 were found 
to be responsible for the reduced expression of the two miRNAs  in vitro  and  in vivo  
in CLL (Calin et al.  2004a ). In solid human tumors one sequence variation in a 
miRNA precursor and 15 variations in primary miRNAs were also identifi ed, but no 
functional consequence was observed as the results of these aberrations (Diederichs 
and Haber  2006 ). Other studies suggested that polymorphism of miRNAs might be 
associated with hepatocellular carcinoma (HCC) or breast cancer. These data 
showed that genetic structural genetic alterations contribute to the deregulation of 
miRNAs as it does to other protein-coding genes. 

  Fig. 2.2    Mechanisms of microRNA deregulation in human cancers       
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 In addition, DNA copy number alterations of miRNAs are frequently found in 
cancer and may account in part for the miRNA gene deregulation. The fi rst evidence 
was that miR-16-1 and miR-15a at 13q14 were deleted in more than 50 % of the 
CLL patients, with concurrent reduced expression in ~65 % patients (Calin et al.  2002 ). 
A recent study has also shown that in advanced ovarian tumors genomic copy 
number loss may account for the down-regulation of approximately 15 % of miRNAs 
(Zhang et al.  2008 ). Moreover, some key proteins in the miRNAs biogenesis pathway 
may be dysfunction or deregulated in cancer, thus may further enhance tumorigenesis. 
For example, conditional deletion of Dicer1 enhanced tumor development in a 
 K-Ras -induced mouse model of lung cancer (Kumar et al.  2007 ). However, this 
mechanism might be tissue or cancer specifi c, because another study has shown that 
in ovarian cancer, Drosha and Dicer are not altered in expression levels of either 
mRNA or protein, therefore, functional assays might have important implications to 
examine the activities of these key proteins (Zhang et al.  2008 ). Furthermore, similar 
to protein-coding genes, miRNAs expression can also be modulated by epigenetic 
mechanisms, such as DNA methylation and histone acetylation.  

3.3     Epigenetic Regulation of miRNAs in Cancers 

 The fi rst evidence regarding deregulation of miRNAs due to epigenetic mechanisms 
was reported by Scott et al. ( 2006 ). Using miRNA array analysis, they found that the 
expression of 27 miRNAs in SKBr3 cell line altered rapidly by treatment of this cell 
line with an HDAC inhibitor, LAQ824, suggesting the relationship between epigenetic 
factors and miRNAs expression. Shortly thereafter, Saito et al. ( 2006 ) reported that 
17 of 313 miRNAs in T24 bladder cancer cells were up-regulated after treatment of 
the cells with a DNMT inhibitor, 5-aza-dC, and a HDAC inhibitor, 4- phenylbutyric 
acid (4-PBA). Among these up-regulated miRNAs, miR-127, as a member of a miRNA 
cluster which also includes miR-136 and miR-431-433, is expressed in normal tissues, 
but it is down-regulated or silenced in T24 cells and many primary tumor tissues, such 
as bladder, prostate and colon cancers. MiR-127 is located in a CGI, and its re-
expression is induced by DNA de-methylation, histone H3 acetylation and tri-
methylation of H3K4 after treated with two epigenetic drugs. However, either 
5-aza-dC or 4-PBA used alone had no function, which indicated that combined 
effects of histone modifi cation and DNA methylation are necessary to regulate miR-
127 expression. Moreover, the human oncogene B-cell lymphoma 6 (BCL6) may be 
a potential target of miR-127, and re-expression of miR-127 led to down-regulation 
of BCL6, indicating that miR-127 can function as a tumor suppressor gene. Thus, 
pharmacological unmasking by DNMT and/or HDAC inhibitors is often used to 
identify the epigenetically silenced miRNAs in various cancers. In addition, genetic 
unmasking, such as knockout of DNMTs, is also a common method. Moreover, 
with the development of technology, methylation status of miRNAs in cancer cells 
can be identifi ed more intuitively by genome- wide DNA methylation analysis. 
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 Recently, a large number of studies on epigenetic silencing of miRNAs have 
been reported in various cancers, and the relationship between aberrant DNA meth-
ylation and deregulated miRNAs may be most frequently and deeply studied. CGI 
hypermethylation is identifi ed as an epigenetic aberration resulting in silencing of 
miRNAs which act as tumor suppressor genes. As previously mentioned, the miR- 
34 family is targeted by transcriptional factor p53, and this family has been found to 
epigenetically inactivate due to CGI hypermethylation in various cancers. MiR-34a 
is located on chromosomal locus 1p36 and, however, miR-34b and miR-34c as dicis-
tronic cluster in one transcription unit, BC021736, locate on chromosome 11q23. 
Inactivation of both miR-34a and miR-34b/c due to abnormal promoter- associated 
CGI methylation has been identifi ed in multiple cancer cell lines and primary 
tumors (Vogt et al.  2011 ). Re-expression of miR-34 family members can induce cell 
cycle arrest at G1 phase, apoptosis and senescence, and inhibit migration or invasion 
(Hermeking  2010 ). MiR-34 family members play the above-mentioned potential 
roles by down-regulation of candidate target genes as, for instance, Bcl2, E2F 
transcription factor-3 (E2F3), c-MYC, hepatocyte growth factor receptor (MET), 
cyclin E2 (CCNE2), CD44 and cyclin-dependent kinase 4/6 (CDK4/6) (Yamakuchi 
et al.  2008 ; Bommer et al.  2007 ; Lujambio et al.  2008 ; He et al.  2007a ; Liu et al. 
 2011 ). Moreover, it has been found that DNA methylation of miR-34b/c is related 
to H. pylori infection in normal individuals, and the methylation levels of miR-
34b/c in non-cancerous gastric mucosae of patients with multiple GC are higher 
than that of patients with single GC, suggesting that methylation of miR- 34b/c was 
involved in epigenetic fi eld defect (Suzuki et al.  2010 ). Similar to miR- 34b/c, H. pylori 
infection induces promoter methylation of miR-124 family (miR-124-1, miR-124-2, 
and miR-124-3), and methylation level of miR-124 family is signifi cantly higher in 
non-cancerous gastric mucosae of patients with GC than that in normal mucosae 
of healthy individuals, indicating that methylation of miR- 124 family is also associated 
with epigenetic fi eld defect (Ando et al.  2009 ). Epigenetic loss of miR-124 was 
fi rst reported in colorectal line HCT-116 defi cient in both DNMT3b and DNMT1, 
and its inactivation contributed to activation of CDK6, an oncogenic factor, and 
tumor suppressor gene retinoblastoma (Rb) phosphorylation (Lujambio et al.  2007 ). 
Epigenetic inactivation of miR-124 due to promoter hypermethylation has also been 
reported in many other malignancies, including acute lymphoblastic leukemia 
(ALL), hepatocellular cancer (HCC), clear cell renal cell carcinoma, cervical cancer 
and pancreatic cancer (Wang et al.  2013b ; Wilting et al.  2010 ; Agirre et al.  2009 ; 
Gebauer et al.  2013 ; Furuta et al.  2010 ). Furthermore, miR-124 plays the role of 
tumor suppressor gene not only through directly targeting CDK6, but also through 
repression of other potential targets, such as SMYD3, VIM, IQGAP1 and Rac1 (Furuta 
et al.  2010 ; Wang et al.  2013b ). Methylation of miR-181c has also been reported 
to be associated with formation of epigenetic fi eld defect in non-cancerous tissues 
corresponded to GC samples, and it acts as tumor suppressor gene via repressing 
target genes, NOTCH4 and KRAS (Hashimoto et al.  2010 ). 

 Epithelial-mesenchymal transition (EMT) is considered as an important step in 
metastasis and invasion of cancer, and the miR-200 family members, including 
miR-200a, miR-200b, miR-200c, miR-141, and miR-429, and miR-205 can play critical 
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role in regulation of EMT through down-regulation of two direct targets, zinc fi nger 
E-box binding homeobox 1 (ZEB1) and ZEB2, which can lead to repression of CDH1 
expression (Gregory et al.  2008 ). The epigenetic silencing of miR-200c/141 cluster 
due to aberrant methylation was discovered in human breast and prostate cancer 
cell lines (Vrba et al.  2010 ). Inactivation of miR-200c by promoter- associated 
hypermethylation has also been identifi ed in non-small cell lung cancer (NSCLC), 
which may be involved in formation of aggressive and chemoresistant phenotype 
(Ceppi et al.  2010 ). Thereafter, the whole miR-200 family was reported epigenetic 
repression by hypermethylation of CGI in colon, lung and breast cancer (Davalos 
et al.  2012 ). In invasive bladder cancer, coordinated inactivation of miR-200 family 
and miR-205 is correlated with promoter hypermethylation and repressive histone 
marks (Wiklund et al.  2011 ). In addition, silencing of miR- 200b, miR-200c, and 
miR-205 by DNA methylation was identifi ed in carcinogen- treated lung epithelial 
cells and contributed to EMT induction, which could be involved in initiation of 
lung cancer (Tellez et al.  2011 ). In a recent study, loss of miR-200 family expression 
due to both DNA methylation and histone modifi cations was discovered to have the 
capability to promote transition from to a non-stem to a stem-like phenotype, which 
might occur during progression of breast cancer (Lim et al.  2013 ). 

 In human, miR-9 family has three members, miR-9-1, miR-9-2 and miR-9-3, 
which locate on chromosomes 1, 5 and 15, respectively. Epigenetic repression of 
miR-9-1 due to aberrant promoter hypermethylation was fi rst reported in breast 
cancer (Lehmann et al.  2008 ). Shortly thereafter, CGI hypermethylation of miR-9-1 
was identifi ed in pancreatic cancer using methylated CGI amplifi cation microarrays 
(Omura et al.  2008 ). The promoter-associated CGI hypermethylation-mediated 
silencing of all three miR-9 family members was observed in metastatic cancer cell 
lines, indicating that epigenetic inactivation of miR-9 family can induce metastasis 
formation (Lujambio et al.  2008 ). Consistent with this fi nding, the methylation of 
both miR-9-1 and miR-9-3 plays a role in metastatic recurrence of clear cell renal 
cell carcinoma (Hildebrandt et al.  2010 ). Reactivation of miR-9 family members 
shows tumor suppressor features through down-regulation of some target genes, 
such as fi broblast growth factor receptor 1 (FGFR1), CDK6 and caudal-related 
homeobox 2 (CDX2) (Rodriguez-Otero et al.  2011 ; Rotkrua et al.  2011 ). However, 
a study showed that miR-9 is over-expressed in breast cancer, which leads to 
down- regulation of CDH1, and induces the formation of invasive phenotype (Wang 
et al.  2013a ). These fi ndings indicate that miR-9 may play a dual role. In a recent 
research, frequent hypermethylation and concomitant inactivation of miR-9-2, miR-
9-3, miR-124 family, miR-129-2, miR-596 and miR-1247 was observed in human 
HCC, which can be reversed through DNMT1 knockdown or DNMT inhibition, 
and united hypermethylation of three or more miRNAs can be viewed as a new 
diagnostic and prognostic marker of HCC with high specifi city (Anwar et al.  2013 ). 
Similar to miR-9 family, specifi c CGI hypermethylation-mediated silencing of 
miR-148a was also observed in metastatic cancer cell lines, which mediated the 
activation of metastatic gene transforming growth factor-beta-induced factor-2 (TGIF2), 
and reintroduction of miR-148a could repress motility, growth and metastasis of 
cancer cells (Lujambio et al.  2008 ). In addition, the presence of hypermethylation 
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of miR-148 in promoter-associated CGI has also been observed in breast, lung, 
colon, head and neck cancers and melanomas, and is implicated in lymph node 
metastasis (Lujambio et al.  2008 ). 

 MiR-335 located at chromosome 7q32.2 was reported to be silenced by epigenetic 
promoter hypermethylation, and it can inhibit metastasis and migration of breast 
cancer by inhibition of its targets, SRY-related high-mobility group box 4 (SOX4) 
and extracellular matrix component tenascin C (Tavazoie et al.  2008 ; Png et al. 
 2011 ). Over-expression of SOX4 has also been found to be associated with epigenetic 
inactivation of miR-192-2 due to aberrant DNA methylation in endometrial cancer, 
gastric cancer and HCC (Chen et al.  2013 ; Huang et al.  2009 ; Shen et al.  2010 ). 
In addition, the high methylation level of miR-129-2 has been identifi ed in ESCC 
and colorectal cancer (Chen et al.  2012 ; Bandres et al.  2009 ). 

 There are still many other miRNAs that are silenced by CGI hypermethylation in 
human cancers, including miR-137, which targets CDK6, LSD1 and cell division 
cycle 42 (CDC42), and is aberrantly methylated in multiple cancers, such as colon 
cancer, gastric cancer and lung cancer (Zhu et al.  2013 ; Balaguer et al.  2010 ; 
Chen et al.  2011 ); miR-375, which targets 3-phosphoinositide-dependent protein 
kinase-1 (PDK1) and insulin-like growth factor 1 receptor (IGF1R), and undergoes 
methylation- associated silencing in oesophageal cancer, cervical cancer and human 
melanoma (Mazar et al.  2011 ; Li et al.  2011 ; Kong et al.  2012 ; Wilting et al.  2013 ); 
and miR-203, which targets ATP-binding cassette, subfamily E, member 1 (ABCE1), 
CDK6 and ABL1, and is epigenetically silenced in Gastric B-cell lymphoma of 
mucosa-associated lymphoid tissue (MALT lymphoma), HCC, cervical cancer and 
hematological malignancies (Wilting et al.  2013 ; Furuta et al.  2010 ; Craig et al. 
 2011 ; Chim et al.  2011 ). 

 MiRNAs can be hosted in intronic regions of coding genes, and the connection 
between miRNAs and their host genes should be elucidated. Intronic miRNAs can 
co-express with the host genes, and they are subjected to the same regulation by 
epigenetic changes. One example is miR-342, which is encoded in an intron of its 
host gene Ena/Vasp-like (EVL) (Grady et al.  2008 ). The EVL promoter-associated 
CGI hypermethylation occurs in the early stages of colorectal cancer, which leads 
to silencing of both the protein and miR-342. In addition, methylation of EVL/
miR- 342 is signifi cantly more common in non-cancerous colorectal mucosae of 
patients with colorectal cancer than that in normal mucosae of healthy individuals, 
indicating that methylation of EVL/miR-342 is involved in epigenetic fi eld defect. 
MiR- 126 is hosted in an intron of the EGFL7, and both are down-regulated in 
cancer cell lines as well as in primary prostate and bladder cancers (Saito et al. 
 2009a ). Interestingly, both mature miRNA-126 and one of the EGFL7 transcripts, 
which owns a CGI promoter, are concomitantly up-regulated through epigenetic 
therapy using DNA methylation and histone deacetylation inhibitors, indicating that 
epigenetic changes of host genes can affect the expression of intronic miRNAs. 
MiR-152 as a tumor suppressor gene is frequently silenced in endometrial cancer 
cell lines and primary samples, and it is located within intron 1 of its host gene, 
coatomer protein complex, subunit zeta 2 (COPZ2), which is also inactivated in 
endometrial cancer (Tsuruta et al.  2011 ). The silencing of both miR-152 and its host 
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gene is caused by DNA hypermethylation, which can be reversed by treatment with 
5-aza-dCyd. Moreover, DNMT1, E2F3, MET, and Rictor have been identifi ed as the 
potential targets of miR-152, illustrating how miR-152 plays its role in endometrial 
carcinogenesis. A recent study has shown that the expression of miR-335 and its 
host gene MEST can be repressed by DNA hypermethylation in HCC, which may 
be involved in distant metastasis (Dohi et al.  2013 ). 

 In contrast, some miRNAs, which act as oncogenes, are up-regulated in cancers 
due to DNA hypomethylation. For instance, the CGI of human let-7a-3 gene, which is 
located at 22q13.31, is always heavily methylated in normal human tissues, whereas 
it is hypomethylated in lung cancer tissues, leading to epigenetic activation of let-7a-3 
(Brueckner et al.  2007 ). Over-expression of let-7a-3 in lung cancer cells contributes to 
formation of tumor phenotypes, and plays its oncogenic role through affecting the 
expression of several target genes, which are associated with cell proliferation and 
cell adhesion processes. The expression of miR-21, miR-205, and miR-203 are up-
regulated in epithelial ovarian cancer (EOC) compared with the normal tissues, and 
their expression levels can signifi cantly elevated by treatment of OVCAR3 cells with 
demethylation drug 5-aza-dC, indicating that their over- expression may be due to 
DNA hypomethylation (Iorio et al.  2007 ). Another study showed that expression of 
miR-200a and miR-200b is signifi cantly up-modulated in pancreatic cancer compared 
with the normal tissues, which is due to CGI hypomethylation (Li et al.  2010a ). In 
addition, miR-196b functions as an oncogene in primary GC, and its elevated expression 
is induced by abnormal CGI hypomethylation statue in promoter regions (Tsai et al. 
 2010 ). Furthermore, miR-191 is highly expressed in HCC due to aberrant hypomethylation, 
and it exerts the role in inducing EMT by directly targeting and repressing the expression 
of tissue inhibitor of metalloproteinase 3 (TIMP3) (He et al.  2011 ). 

 Silencing of tumor suppressor miRNAs and over-expression of oncogenic miR-
NAs due to DNA hypermethylation and hypomethylation, respectively, could play 
critical role in initiation and progression of various cancers. Interestingly, let-7a-3 has 
been described to present over-expression and aberrant hypomethylation in lung 
cancer cells (Brueckner et al.  2007 ), whereas it has also been found to be silenced by 
hypermethylation in EOC (Lu et al.  2007 ). In addition, miR-203, miR-200a and 
miR-200b are down-regulated in many types of cancer due to hypermethylation and, 
however, miR-203 is identifi ed to be up-regulated in EOC, and miR-200a/b is up-
modulated in pancreatic cancer due to CGI hypomethylation (Iorio et al.  2007 ; Li 
et al.  2010a ). These data indicates that epigenetic regulation of some miRNAs may be 
tissue specifi c, which is likely to be associated with their expression of tissue specifi city. 

 DNA methylation is not the only epigenetic change that affects the normal expres-
sion of miRNAs. Similar to protein-coding genes, epigenetic regulation of miRNAs 
is also closely correlated with histone modifi cation. The fi rst evidence regarding 
deregulation of miRNAs due to histone modifi cation was reported by Scott et al. 
( 2006 ). Using miRNA microarray analysis, they discovered that the expression of 
27 miRNAs altered rapidly by treatment of SKBr3 breast cancer cell line with HDAC 
inhibitor. Another study showed that miR-127 was silenced in human T24 breast 
cancer cells, and DNA demethylation, histone H3 acetylation and tri-methylation 
of H3K4 by 5-Aza-dC and PBA treatment can lead to its re- activation (Saito et al.  2006 ). 
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Similarly, re-expression of miR-512-5p may be associated with DNA demethylation, 
histone H3 acetylation and di-methylation of H3K4 by epigenetic treatment with 
5-aca-dC and PBA, and its activation leads to inhibition of Mcl-1 and induces apop-
tosis of gastric cancer cells (Saito et al.  2009b ). Furthermore, a study showed that 
expression of miRNAs is positively associated with tri- methylation of H3K4 and 
negatively associated with tri-methylation of H3K27 in promoter regions of human 
miRNAs based on the data of miRNA expression microarrays and chromatin immu-
noprecipitation (ChIP)-on-chip (Ke et al.  2009 ). In ALL, the CGIs of 13 miRNAs 
exist two abnormal histone modifi cations, increased di-methylation of H3K9 and 
decreased tri-methylation of H3K4, which may be involved in silencing of these 
miRNAs (Roman-Gomez et al.  2009 ). Accumulated tri-methylation of H3K27 
has been identifi ed to inhibit the transcriptional expression of miR-22 in ALL, and 
its expression can be up-regulated after treatment with trichostain A (TSA), a HDAC 
inhibitor (Li et al.  2010b ). In addition, analysis of CHIP revealed that microbial 
stimulus promotes NFkappaB p50-C/EBPbeta silencer complex binding to promoter 
region of let-7i, which leads to histone H3 deacetylation and silencing of miRNA 
let-7i (O’Hara et al.  2010 ). More recently, a study showed that accumulation of 
repressive histone marks, including tri- methylation of H3K9 and H3K27, is an 
important epigenetic change, which results in silencing of miR-125b1 in breast 
cancer (Soto-Reyes et al.  2012 ). Taking together, histone H3 acetylation and di-/
tri-methylation of H3K4 can promote transcriptional activation of miRNAs, whereas 
tri-methylation of H3K27 and di/tri-methylation of H3K9 can lead to epigenetic 
inactivation of miRNAs. Moreover, aberrant histone modifi cations often coexist 
with DNA methylation in epigenetically deregulated miRNAs in cancer. 

 Interestingly, it has been founded that some oncoproteins can bind to promoter 
regions of miRNAs and recruit epigenetic effectors, leading to deregulation of 
miRNAs. For example, Fazi et al. ( 2007 ) reported that epigenetic silencing of miR-
223 can be induced by AML1/ETO oncoprotein, the product of AML-associated 
t(8;21) translocation, through binding to pre-miR-223 region and recruiting epigenetic 
effectors, such as DNMTs, MeCP2 and HDAC. However, there is interaction between 
epigenetic machinery and miRNAs. MiRNAs can not only be regulated by epigenetic 
machinery, but also regulate the components of epigenetic machinery, which is 
associated with methylation or acetylation.   

4     MicroRNAs Can Regulate the Epigenetic 
Effectors in Cancer 

 It has been discovered that a subgroup of miRNAs can regulate the expression of 
effectors of the epigenetic mechanisms by directly or indirectly targeting these 
epigenetic- modifying enzymes and molecules, such as DNMTs, HATs, HMTs, 
HDACs, Retinoblastoma-Like 2 (RBL2), enhancer of zeste homolog 2 (EZH2) and 
Polycomb Repressive Complex (PRC). These miRNAs, called “epi-miRNAs”, have 
been widely investigated in the past few years because their deregulation may be 
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closely correlated with human carcinogenesis (Table  2.1 ). Recent studies have 
suggested that epi-miRNAs may occupy an important position in tumor mediation 
by modulating various cellular processes like cell proliferation, apoptosis, cellular 
movement and metastasis.

   The existence of epi-miRNAs was fi rst discovered in lung cancer, where 
miR-29 family has been proved to directly target DNMT3a and DNMT3b through 
some interesting complementarities to the 3′UTR of DNMT3 (Fabbri et al.  2007 ). 
In addition, Garzon et al. ( 2009 ) have demonstrated that miR-29b is also able to 
indirectly suppress DNMT1 in AML cells by directly targeting the transactivator 
Sp1. Studies have shown that expression of miR-29s is inversely correlated with the 
expression levels of both DNMT3a and DNMT3b in lung cancer and AML. The 
enforced expression of miR-29s can induce disruption of  de novo  DNA methylation 
and contribute to promoter-associated CGI demethylation of epigentically silenced 
tumor suppressor genes, such as WHOX, FHIT, and p151NK4B, due to promoter 
hypermethylation, which ultimately inhibits tumorigenesis by inducing reactivation 

   Table 2.1    Epi-miRNAs in human cancers   

 microRNA  Targets  Tissue type  Reference(s) 

 miR-29a  DNMT3a, 
DNMT3b 

 Lung cancer  Fabbri et al. ( 2007 ) 

 miR-29b  DNMT3a/3b, 
sp1 

 Lung cancer, AML  Fabbri et al. ( 2007 ) and 
Garzon et al. ( 2009 ) 

 miR-148a  DNMT3b, 
DNMT1 

 Cervical cancer, Gastric cancer, 
Cholangiocarcinoma 

 Duursma et al. ( 2008 ), 
Braconi et al. ( 2010 ), 
and Zhu et al. ( 2012 ) 

 miR-152  DNMT1  Cholangiocarcinoma 
NiS-transformed cells 

 Braconi et al. ( 2010 ) and 
Ji et al. ( 2013 ) 

 miR-301  DNMT1  Cholangiocarcinoma  Braconi et al. ( 2010 ) 
 miR-143  DNMT-3a  Colorectal cancer  Ng et al. ( 2009 ) 
 miR-342  DNMT1  Colorectal cancer  Wang et al. ( 2011 ) 
 miR-185  DNMT1  Hepatocellular carcinoma  Zhang et al. ( 2011 ) 
 miR-290 

cluster 
 RBL-2  Mouse ES cells  Benetti et al. ( 2008 ) and 

Sinkkonen et al. ( 2008 ) 
 miR-34a  SIRT1  Colon cancer  Yamakuchi et al. ( 2008 ) 
 miR-449  SIRT1, HDAC1  Gastric cancer, Prostate cancer  Bou Kheir et al. ( 2011 ) and 

Noonan et al. ( 2009 ) 
 miR-200 

family 
 SIRT1  Breast cancer  Eades et al. ( 2011 ) 

 miR-1  HDAC4  Skeletal muscle tissue  Chen et al. ( 2006 ) 
 miR-140  DNMT1  Hepatocarcinoma  Takata et al. ( 2013 ) 

 HDAC4  Mouse cartilage tissue  Tuddenham et al. ( 2006 ) 
 miR-101  EZH2  Prostate cancer  Friedman et al. ( 2009 ) and 

Varambally et al. ( 2008 )  Bladder cancer 
 miR-K12- 

4-5p 
 RBL-2  KSHV  Lu et al. ( 2010 ) 

  Abbreviation:  DNMT  DNA methyltransferase,  RBL2  Retinoblastoma-Like 2,  SIRT1  sirtuin 1, 
 HDAC  histone de-acetylases,  EZH2  enhancer of zeste homolog 2,  AML  acute myeloid leukemia, 
 KSHV  Kaposi’s sarcoma-associated herpesvirus  
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of these tumor suppressor genes. These fi ndings indicate a role of miR-29s in tumor 
suppression and provide a basic principle for the development of miRNA-based 
approaches for cancer therapy. 

 After that, miRNAs have drawn more attention than ever and emerged as a new 
category of tumor inhibitors or regulators of signal transduction. A few reports 
have revealed that miR-148a can regulate DNMT3b expression through an unusual 
binding site within the coding region instead of the 3′UTR of DNMT3b mRNA 
(Duursma et al.  2008 ). Studies also suggest that DNMT1 is directly modulated by 
miR-148a, along with miR-152 and miR-301, in cholangiocarcinoma (Braconi 
et al.  2010 ). The expression of these miRNAs is down-regulated and emerges tumor 
suppressive abilities in cancer cells. Zhu et al. found that silencing of miR-148a in 
gastric cancer was related to aberrant methylation in promoter region, which could 
contribute to activation of DNMT1, and this may in turn lead to inactivation of 
miR-148a through promoting DNA methylation (Zhu et al.  2012 ). Additionally, the 
expression of miR- 152 in nickel sulfi de (NiS)-transformed cells can directly 
suppress DNMT1 by targeting the 3′ untranslated regions of its transcript, which 
demonstrates a signifi cant interaction between miR-152 and DNMT1 via a double-
negative feedback mechanism involved in NiS-induced malignant transformation 
(Ji et al.  2013 ). Another miRNA with tumor suppressive abilities linked to DNMT3a 
is miR-143. Studies indicate a direct and specifi c crosstalk between miR-143 and 
DNMT3a 3′UTR, thus ectopic miR143 expression can reduce DNMT3a expression 
and repress cell proliferation in colorectal cancer (Ng et al.  2009 ). MiR-342 has 
also been found to inhibit colorectal cancer cell proliferation. MiR-342 presents 
decreased expression in colorectal cancer samples and cells, and its reactivation can 
directly inhibiting the expression of DNMT1, which reactivating several tumor 
suppressor genes, such as ADAM metallopeptidase domain 23 (ADAM23) and Ras 
association domain family member 1A (RASSF1A), through promoter demethyl-
ation (Wang et al.  2011 ). Furthermore, miR-185 can also modulate methylation 
levels of several gene promoters by targeting DNMT1 in human glioma (Zhang 
et al.  2011 ). More recently, miR-140 was found to be down-regulated in HCC due 
to defi ciency of DDX20, and reactivation of its expression can increase metallothio-
nein expression through directly targeting DNMT1, leading to decreased NF-κB 
activity resulting in inhibition of hepatocarcinogenesis (Takata et al.  2013 ). 

 In addition, a study was performed with Dicer-defi cient mouse embryonic stem 
cells. In this study the level of miR-290 cluster was identifi ed to be able to indirectly 
regulate the expression of DNMT3a and DNMT3b by directly silencing RBL2, a sup-
pressor of DNMT3 genes (Benetti et al.  2008 ; Sinkkonen et al.  2008 ). The experiments 
have shown that the expression of miR-290 cluster is dramatically down-regulated in 
Dicer1-null embryonic stem cells with respect to wild-type controls, which results in 
decreased DNMT3 expression and DNA-methylation defects in these cells via loss of 
RBL2 silencing. Decreased DNMT expression leads to a remarkable hypomethylation 
of the genome, which impairs the embryonic stem cells differentiation program and 
promotes telomere elongation and telomere recombination. Furthermore, re-expression 
of the miR-290 cluster is able to rescue the down-regulation of DNMT3 expression and 
restore the normal methylation pattern via simultaneously silencing the expression of 
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RBL2. Altogether, these results demonstrate an important role of the miR-290 cluster 
in the regulatory of DNMT3 enzymes and global DNA methylation, which in turn 
mediate the appearance of telomeric phenotypes. 

 Over-expression of HDACs has been observed in a broad range of cancer types, 
which is a signifi cant mechanism to promote proliferation and reduce apoptosis of 
cancer cells by repressing some important growth suppressive genes. HDACs play 
a key role in epigenetic modifi cations of cancers and are also under regulation of 
epi-miRNAs. It has been found that miR-34a can regulate the pathway that mediates 
cellular aging and limits longevity in various cancers including colon cancer, by 
interacting with the expression of mammalian sirtuin 1 (SIRT1) and p53 (Yamakuchi 
et al.  2008 ). SIRT1, a homologue of yeast gene silent information regulator 2 
(Sir2), is a class III HDAC with an enzymatic activity dependent on NAD + . P53 is 
an important tumor suppressor, which can affect cell proliferation, cell apoptosis, 
DNA repair and angiogenesis by modulating a variety of physical responses to 
many cancer- related stress signals. SIRT1 is frequently up-regulated in human 
cancers and inactivates apoptosis of cancer cells by inducing deacetylation of p53. 
Studies demonstrate that miR-34a directly inhibits SIRT1 expression by binding to 
the 3′ UTR region of SIRT1, which indirectly results in an increase of acetylated 
p53 and in turn prevent cell cycle arrest and induce apoptosis. Thereby, miR-34a 
functions as a tumor inhibitor, in part, through a SIRT1-p53 pathway. 

 A recent study using gastric cancer cells in a mouse model elucidated that SIRT1 
was directly regulated by miR-449 (Bou Kheir et al.  2011 ). Researchers have found 
that miR-449 is part of the miR-34 family and may act as a tumor suppressor, which 
is down-regulated in gastric cancer and prostate cancer (Bou Kheir et al.  2011 ; 
Noonan et al.  2009 ). Restoration of miR-449 expression contributes to decreased 
expression of SIRT1. Moreover, re-introduction of miR-449 into cancer cell lines 
inhibits cell proliferation and induces cell cycle arrest, apoptosis and senescent-like 
phenotype by targeting various cell cycle regulators concomitant with the activation 
of p53 pathway. Interestingly, miR-449 was recently found to be epigenetically 
modulated and possessed a key position in a negative feedback loop in which E2F1 
activated the transcription of miR-449 that in turn exerted tumor suppressive ability 
by directly targeting CDC25A and CDK6 (Yang et al.  2009 ). 

 A crosstalk between miR-200 family and SIRT1 has also been reported in recent 
studies. The miR-200 family is an important regulator of EMT, which is a common 
embryological process linked to various pathologies including cancer metastasis 
and tumorigenicity. The miR-200 family is down-regulated and acts as an inhibitor 
in renal, prostate, breast, bladder, pancreatic, and gastric cancers. Up-regulation of 
SIRT1 is observed in breast cancer tissues, which is associated with decreased 
expression of miR200a. Additionally, re-introduction of miR-200a or knockdown 
of SIRT1 inhibits transformation of normal mammary epithelial cells and prevents 
cancer metastasis, elucidating that miR-200a may be a potential tumor suppressor 
involved in breast cancer metastasis (Eades et al.  2011 ). Several other miRNAs have 
also been associated with the modulation of HDACs, such as miR-1, involved in 
myogenesis and related disease, and miR-140, reduced in various cancer types and 
suppressed cell proliferation in colon cancer cells, both of which directly target 
HDAC4 (Chen et al.  2006 ; Tuddenham et al.  2006 ). 
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 EZH2 is the catalytic submit of the PRC2 and mediates heterochromatin forma-
tion by trimethylating histone H3K27, contributing to aberrant silencing of several 
tumor suppressor genes in cancer. As recently shown in both prostate and bladder 
cancers, the expression of miR-101 was down-regulated during cancer progression 
and inversely correlated with up-regulation of EZH2 (Friedman et al.  2009 ; Varambally 
et al.  2008 ). Further studies showed that transfection of miR-101 resulted in a stable 
EZH2 knockdown and decreased levels of trimethylation of H3K27, which signifi cantly 
suppressed proliferation, migration, clonogenicity, and tumorigenicity of cancer 
cells, suggesting a role as tumor suppressor for miR-101. 

 A regulatory loop where miRNAs can also be used by virus to modulate the 
epigenetic mechanism of the host cell has been revealed recently. Researchers found 
the Kaposi’s sarcoma-associated herpesvirus (KSHV) miR-K12-4-5p can directly 
target RBL2 3′ UTR and decrease RBL2 protein levels, which indirectly up- regulated 
mRNA levels of DNMT1, -3a, and -3b, thus regulating global epigenetic reprogramming 
(Lu et al.  2010 ). 

 Besides, a subtle and fascinating regulatory mechanism of methylation pattern 
has been reported: it seems that activation of epigenetic silencing by DNA methylation 
is dependent on the ratio of miRNA and its target RNA (Khraiwesh et al.  2010 ). In most 
physcomitrella patens mutants, the loss of DICER-LIKE 1b gene leads to a maturation 
of normal miRNAs, which in turn suppresses the disruption of target RNAs and causes 
accumulation of miRNAs. As a result, target RNA duplexes, hypermethylation of 
the genes encoding target RNA and ultimate gene silencing.  

5     Clinical Utility of Epigenetically Silenced 
MicroRNAs in Cancer 

 With the help of microarray technology, we can detect thousands of miRNAs expres-
sion at the same time and establish miRNAs expression profi les of various cancers. 
From a clinical point of view, the miRNAs expression profi le has potential to be a 
useful tool for diagnosis, prognosis judgment and prediction of treatment response. 
The discovery of circulating miRNAs in human blood serum and plasma has been 
frequently reported recently. Moreover, the expression levels of these circulating 
miRNAs are stable, reproducible and consistent among individuals of the same 
species, and they can be detected more easily. At present, circulating miRNAs 
profi les have been successfully evaluated in a number of solid cancers as novel early 
diagnostic markers. In addition to aberrant expression levels of miRNAs, the abnormal 
epigenetic marks of miRNAs can also be useful diagnostic and prognostic 
biomarkers. For instance, by analyzing bone marrow samples from 353 ALL patients, 
at least one of 13 methylated miRNA genes could be found in 65 % of all ALL cases, 
which had a signifi cantly higher relapse and mortality rate, indicating that miRNA 
gene methylation can be an critical prognostic factor of ALL (Agirre et al.  2012 ). 

 Given that epigenetically inactivated miRNAs lead to initiation and progression 
of cancer, reactivation of these miRNAs may have great potential to treat cancer. 

2 Epigenetics, MicroRNAs and Human Cancer



50

It has been widely proved that restoration of epigenetically silenced miRNA by 
epigenetic agents can result in down-regulation of oncogenic target genes 
and inhibition of development and progression of cancers. DNMT inhibitors can 
be used to reduce the level of methylation. Among these inhibitors, 5-aza-dC and 
5- azacytidine have been approved by US Food and Drug Administration (FDA) 
to treat acute myeloid leukemia and myelodysplastic syndromes, respectively 
(Rodriguez- Paredes and Esteller  2011 ). In addition, current data reveal that miRNA 
mimics instead of miRNAs can effectively make up the loss of miRNAs expression 
and may be a potential therapeutic strategy. Moreover, HDAC inhibitors have also 
been approved by FAD to treat certain types of lymphomas. However, we cannot 
ignore that these epigenetic drugs are nonselective, and their side effects are still 
poorly understood.  

6     Concluding Remarks 

 Cancer is associated with accumulation of epigenetic and genetic alterations. The 
epigenetic changes can result in silencing of tumor suppressor genes and up- 
regulation of oncogenes. Owing to that miRNAs can target a large number of mRNAs 
involved in control of various biological processes, they can also play the role of 
tumor suppressor genes or oncogenes (Babashah and Soleimani  2011 ; Babashah 
et al.  2012 ). The aberrant expression of miRNAs is the common pathogenesis of 
human cancers and, hence, it is of great signifi cance in treatment of cancers to study 
the regulation mechanism of miRNAs. Currently, experimental evidence indicates 
that deregulation of miRNAs is closely associated with epigenetic changes, including 
abnormal DNA methylation and histone modifi cations. Moreover, with the develop-
ment of the detection technology, it is possible for us to detect a wide range of epigenetic 
deregulation of miRNAs in a cancer, which can be used as new diagnostic and 
prognostic marker of the cancer. In addition, a group of miRNAs, which are known 
as epi-miRNAs, have been discovered to be able to regulate the expression of epigenetic 
effectors, such as DNMTs, HDACs and polycomb genes, which indirectly leads 
to epigenetic changes and in turn affects the expression of miRNAs. Hence, there is 
interaction between miRNAs and epigenetic machinery. 

 The relationship between epigenetics and miRNAs has been widely studied, but 
the understanding of it is still far from perfect. Further studies should be focused on 
the regulation system involving epigenetic machinery and miRNAs and how to 
translate research results into clinical treatment of cancers. In addition, epigenetic 
alteration is a reversible process, and treatment with epigenetic drugs, such as 
DNMT or HDAC inhibitors, can lead to re-expression of the silenced miRNAs and 
restore their normal function, which may achieve the purpose of cancer therapy. 
Hence, future studies also need to be conducted to develop the miRNA- and epi-
miRNA- based treatment. It can be predicted that, with the continuous deepening 
research, the diagnosis and treatment of cancer will make great progress.     
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    Abstract     A growing body of clinical and epidemiological evidence suggests that 
diet is one of the most important modifi able determinants for risk of developing 
cancer and contributes to differences in cancer incidence among various populations. 
Experimental evidence supports the role of dietary components as chemopreventive 
agents in various cancers. Dietary factors potentially infl uence fundamental cellular 
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processes involved in carcinogenesis; including apoptosis, cell-cycle control, 
angiogenesis, infl ammation and DNA repair. Since microRNAs (miRNA) have emerged 
as critical gene/protein regulators that control basic cellular processes, there is much 
interest in determining the effect of dietary agents on modulation of miRNAs and 
their cognate targets in cancer. It has been proposed that dietary modulation of 
miRNA expression may contribute to the cancer-protective effects of dietary com-
ponents. During the last few years, a plethora of studies have examined the effect of 
dietary agents on miRNAs and their targets in the context of cancer biology which 
suggest that dietary factors play an important role in carcinogenesis via modulation 
of miRNAs. In this chapter, we will summarize fi ndings from these studies and will 
discuss their potential utility for cancer chemoprevention and therapeutics.  

  Keywords     MicroRNAs   •   Cancer   •   Diet   •   Chemoprevention   •   Therapy  

1         Introduction 

 Cancer remains one of the leading causes of mortality worldwide. A minority of cancers 
are caused by germline mutations and a vast majority of malignancies (~90 %) are 
linked to somatic mutations and environmental factors (Anand et al.  2008 ). Environmental 
and dietary factors are believed to contribute to differences in cancer incidence among 
populations with different dietary habits. A survey of cancer incidence shows that the 
age-adjusted cancer incidence in the Western world is much higher (above 300 cases per 
100,000 populations) as compared to that in Asian countries (100 cases per 100,000). 
Life-style risk factors such as high-fat diet, tobacco, alcohol, etc. are major contributors 
of carcinogenesis. A growing body of clinical, experimental, and epidemiological evi-
dence supports the concept that diet is one of the most important modifi able risk deter-
minants for cancer. Studies suggest that a large fraction of cancer deaths may be 
prevented by modifying dietary composition e.g. the content of fi ber, fat, cereals, spices, 
etc. Experimental evidence suggests that dietary components act as chemopreventive 
agents in carcinogenesis. Several natural dietary chemopreventive agents have been 
identifi ed, some with well characterized pleiotropic actions in cancer cells (Parasramka 
et al.  2012 ; Saini et al.  2010 ; Shah et al.  2012 ). Dietary components potentially infl uence 
fundamental cellular processes involved in carcinogenesis; including apoptosis, cell-
cycle control, angiogenesis, infl ammation and DNA repair. It has been proposed that 
dietary modulation of microRNA (miRNA) expression may contribute to the cancer- 
protective effects of dietary components. Recent data suggest that bioactive dietary 
components play a role directly or indirectly in the modulation of miRNA expression to 
regulate carcinogenesis and thereby possess chemopreventive potential (Izzotti et al. 
 2012 ; Parasramka et al.  2012 ; Saini et al.  2010 ; Shah et al.  2012 ). 

 miRNAs are small (~22 nucleotides) endogenously expressed non-coding RNAs 
that regulate gene expression and play crucial roles in basic cellular processes including 
the cell cycle, apoptosis, development, differentiation and metabolism. It has been 
estimated that miRNAs regulate ~30 % of the human genome (Bartel  2004 ). Given 
the crucial role of these small RNAs in fundamental cellular processes, the deregulated 
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expression of miRNAs leads to various disease states, including cancer (Calin  2009 ; 
Garzon et al.  2009 ). Examination of tumor specifi c miRNA expression profi les has 
revealed widespread dysregulation of these molecules in diverse cancers. miRNAs 
can act either as oncogenes or tumor suppressor genes (Babashah and Soleimani 
 2011 ). Over-expressed miRNAs in cancers, such as miR-17-92, may function as 
oncogenes and promote cancer development by negatively regulating tumor suppres-
sor genes and/or genes that control cell differentiation or apoptosis. Also, some miR-
NAs are down-regulated in cancer and act as bona fi de tumor suppressor genes, such as 
let-7 and miR-34a. Cancer initiation and progression can involve miRNAs and their 
expression profi les can be used for the classifi cation, diagnosis, and prognosis of 
human malignancies. In addition, a role for miRNAs has been established in the later 
steps of tumorigenesis, progression, and metastasis. It has been proposed that altera-
tions in miRNA genes play a critical role in the pathophysiology of many, perhaps all, 
human cancers (Calin  2009 ; Garzon et al.  2009 ). 

 Evidence suggests that the chemopreventive potential of dietary agents stem from 
their ability to modulate the expression of tumor suppressors/oncogenes involved in 
signal transduction pathways (Ashendel  1995 ; Shah et al.  2012 ). Since miRNAs have 
emerged as critical regulators of genes/proteins, there is much interest in determining 
the effect of dietary agents on modulation of miRNA and their targets in cancer. A 
plethora of studies have examined the effect of dietary agents on miRNAs and their 
targets in the context of cancer biology in the last 5 years (Izzotti et al.  2012 ; Parasramka 
et al.  2012 ; Saini et al.  2010 ; Shah et al.  2012 ). These studies suggest that dietary fac-
tors play an important role in carcinogenesis via modulation of miRNAs and their 
cognate targets. A few studies explored the mechanisms by which dietary factors mod-
ulate miRNA expression and function that underlie their chemopreventive potential. 

 This chapter will focus on summarizing the fi ndings from studies focused on the 
effects of several dietary components in terms of miRNA expression and explore 
their chemopreventive and therapeutic potential. Overall, these studies suggest that 
miRNAs are preferred targets for chemoprotective dietary agents and may be used 
as indicators of the effi cacy of dietary intervention. Further, several of the diet- 
regulated miRNAs target tumor suppressors or oncogenes that mediate the initiation 
and progression of carcinogenesis. However, this is an area that is still in its infancy, 
and warrants thorough investigation before the fi ndings can be translated for cancer 
chemoprevention and therapy.  

2     MicroRNAs and Essential Nutritional Factors 

2.1     Vitamin A/Retinoic Acid 

 Vitamin A/Retinol is an essential dietary factor that is involved in vision, immune 
function, cell growth and differentiation. All-trans-retinoic acid (ATRA) is the most 
biologically active metabolite of vitamin A that acts as a tumor suppressor in pros-
tate, breast, lung, liver and pancreatic cancer models (Sun and Lotan  2002 ). Several 
studies suggest that retinoic acid exposure of acute promyelocytic leukemia (APL) 
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leads to miRNA modulation. APL is caused by the reciprocal translocation between 
the    retinoic acid receptor-α (RAR-α) on chromosome 17 with the promyelocytic 
leukemia gene (PML) on chromosome 15 resulting in a novel fusion protein (PML-
RAR- α) (Melnick and Licht  1999 ). In the absence of an adequate dose of retinoic 
acid (RA), this fusion protein interferes with myeloid differentiation by transcrip-
tional repression of retinoic acid-responsive genes. Pharmacological doses of ATRA 
reverse these repressive effects (Melnick and Licht  1999 ). Garzon et al. reported that 
retinoic acid exposure of human acute promyelocytic leukemia (AML) cells led to 
up-regulation of miR-15a, miR-15b, miR-16-1, let-7a-3, let-7c, let-7d, miR-223, 
miR-342, miR-107 and down-regulated miR-181b (Garzon et al.  2007 ). This study 
identifi ed a putative nuclear factor-kappa B (NF-κB) binding site in the upstream 
genomic region of let-7a-3/let-7b cluster as essential for the retinoic acid-mediated 
transactivation of this cluster. Another study reported the up-regulation of miR-186, 
miR-215, miR-223 and down-regulation of miR-17-5p, miR-25, miR-193, miR- 195, let-7a 
upon RA exposure of acute promyelocytic leukemia cells (Rossi et al.  2010 ). Analyses 
of the expression of granulocytic differentiation signature miRNAs in a cohort of 
APL patients treated with ATRA in addition to chemotherapy reported the down-
regulation of miR-181b and up-regulation of miR-15b, -16, -107, -223, -342 and let-7c 
(Careccia et al.  2009 ). Another group identifi ed miR-342 as one of the miRNAs up-
regulated by ATRA during APL differentiation that is a direct transcriptional target 
of the critical hematopoietic transcription factors PU.1 and interferon regulatory factor 
(IRF)-1 and IRF-9 (De Marchis et al.  2009 ). IRF-1 maintains miR-342 at low levels, 
whereas the binding of PU.1 and IRF-9 in the promoter region following ATRA-
mediated differentiation, up-regulates miR-342 expression. 

 Retinoic acid-induced differentiation of the neuroblastoma cell line led to 
increased expression of tumor suppressive miR-34a and decreased expression of its 
target E2F3 (Welch et al.  2007 ). In breast cancer, miR-21 is selectively induced by 
ATRA in ERα +  breast carcinoma cells. Induction of pro-oncogenic miR-21 counter-
acts the anti-proliferative action of ATRA but has the potentially benefi cial effect of 
reducing cell motility of ERα +  cells (Terao et al.  2011 ). A recent study suggests that 
retinoic acid positively regulates expression of miR-210 and miR-23a/24-2 in breast 
cancer and is counteracted by estrogen (Saumet et al.  2012 ). 

 miR-10a, a key mediator of metastatic behavior in pancreatic cancer that regu-
lates metastasis via suppression of HOX genes, HOXB1 and HOXB3 is a retinoic 
acid target. Retinoic acid receptor antagonists effectively repress miR-10a expres-
sion and completely block metastasis (Weiss et al.  2009 ). In human embryonal 
carcinoma NT2 cells, miR-23 plays a critical role in the RA-induced neuronal 
differentiation (Kawasaki and Taira  2003 ).  

2.2     Vitamin D 

 Vitamin D and its metabolites, 25-hydroxyvitamin D3 (25D) and 1,25- dihydro-
xyvitamin D3 (1,25D), have pleiotropic effects that include regulation of calcium 
homeostasis, anti-infl ammatory and cancer preventive and/or therapeutic properties 
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(Giangreco and Nonn  2013 ; Fleet et al.  2012 ; Garland et al.  2011 ). Epidemiological 
studies have shown that vitamin D defi ciency is associated with increased risk and 
mortality of various cancers including that of prostate (Shui et al.  2012 ; Tretli et al. 
 2009 ), breast (Engel et al.  2010 ,  2011 ) and colon (Garland et al.  1989 ). Vitamin D 
primarily exerts its effects through its active metabolite 1,25D that regulates gene 
transcription via binding to the vitamin D receptor (VDR) (Fleet  2004 ; Shah et al. 
 2012 ). Recent studies suggest that vitamin D exerts it effects by modulating miR-
NAs and their target genes (Giangreco and Nonn  2013 ; Shah et al.  2012 ) as described 
below. 

 To investigate the cross talk between androgen- and vitamin D-mediated intra-
cellular signaling pathways in prostate cancer, Wang et al. ( 2013 ) investigated the 
individual and combined effects of testosterone and 1,25D on global gene expres-
sion in LNCaP prostate cancer cells. A set of 15 miRNAs were differentially regu-
lated by combination treatment. Among these miR-22, miR-29ab, miR-134, 
miR-1207-5p and miR-371-5p were up regulated, while miR-17 and miR-20a, 
members of the miR-17/92 cluster were down regulated. A number of genes impli-
cated in cell cycle progression, lipid synthesis and accumulation and calcium 
homeostasis constitute the mRNA targets of these miRNAs. Recently, they reported 
that vitamin D 3  and androgen coordinately regulate the expression of miR-17/92 
cluster leading to up-regulation of the mRNA encoding peroxisome proliferator- 
activated receptor alpha (PPARA) and its downstream targets, leading to increased 
lipogenesis (Wang et al.  2013 ). Ting et al. screened miRNA profi les in response to 
vitamin D in prostate cancer cell line LNCaP and found that a tumor suppressive 
miRNA, miR-98, is transcriptionally induced by 1,25D that directly targets cyclin J 
(CCNJ) (Ting et al.  2013 ). Another study suggests that miR-106b is up-regulated by 
1,25D in prostate cells that contributes to p21 mediated cell-cycle arrest (Thorne 
et al.  2011 ). Giangreco et al. demonstrated that miRNAs could be key physiologic 
mediators of vitamin D3 activity in prevention and early treatment of prostate can-
cer. They showed that Vitamin D3 supplementation augmented tumor suppressive 
miRNAs, miR-100 and miR-125b, in patient prostate tissue samples.  In vitro , miR- 
100 and miR-125b were up-regulated while their targets PLK1 and E2F3 were 
down-regulated by 1,25D in a VDR-dependent manner (Giangreco et al.  2013 ). 

 In ovarian cancer cells, miR-498 induced by 1,25D decreased the mRNA expres-
sion of the human telomerase reverse transcriptase leading to reduced growth 
(Kasiappan et al.  2012 ). 1,25D induced the expression of miR-627, which down- 
regulated histone demethylase JMJD1A (Jumonji domain containing 1A), and 
suppressed growth of xenograft tumors from HCT-116 colon cancer cells in nude 
mice (Padi et al.  2013 ). In another study, miR-22 was shown to be induced by 1,25D 
in a time-, dose- and VDR-dependent manner contributing to its antiproliferative, 
antimigratory and gene regulatory effects in colon cancer cells (Alvarez et al.  2012 ). 
In lung cancer cells, 1,25D up-regulated the transcription of hsa-let-7a-2 leading to 
anti-proliferative effects (Guan et al.  2013 ). In human myeloid leukemia cells, 
1,25D markedly induced expression of miR-32, which targets the proapoptotic 
factor Bim, leading to inhibition of Bim and AraC-induced apoptosis (Gocek et al. 
 2011 ). Also, treatment of human myeloid leukemia cells with 1,25D led to down- 
regulation of miR-181a and miR-181b, resulting in up-regulation of p27 Kip1  and 
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p21 Cip1 , that led to G 1  cell cycle arrest (Wang et al.  2009 ). In breast epithelial cells, 
there is a signifi cant protective role for 25D against cellular stress mediated by 
altered miRNA expression, particularly miR-182 expression (Peng et al.  2010 ). 
Endogenous VDR levels are under regulatory control of miRNAs. miR-125 has 
been shown to post transcriptionally repress human VDR by direct binding to its 3′ 
UTR. Since miR-125b levels are known to be down-regulated in cancer, such a 
decrease may result in the up-regulation of VDR in cancer and augmentation of the 
antitumor effects of 1,25D (Mohri et al.  2009 ). 

 While studies show that vitamin D or its metabolites alter the levels of specifi c 
miRNAs in various cancers via VDRE-mediated or alternate mechanisms, some 
reports also suggest that vitamin D may globally augment miRNA expression to 
counteract the widespread suppression of miRNAs observed in cancer (Giangreco 
and Nonn  2013 ; Giangreco et al.  2013 ). It has been proposed that the mechanistic 
basis of such an effect of vitamin D could be VDR-dependent chromatin opening that 
increases pri-miRNA transcription globally or by alteration of miRNA processing 
machinery by vitamin D and its metabolites (Giangreco and Nonn  2013 ).  

2.3     Folic Acid 

 Folic acid plays an important role in DNA synthesis, repair and methylation and acts 
as a cofactor in certain biological reactions (Weinstein et al.  2003 ). A few studies 
suggest that folate can modulate miRNA expression. Experimental rats fed a folate, 
methionine- and choline-defi cient diet developed hepatocellular carcinoma (HCC) 
at 54 weeks of age in the absence of carcinogen treatment (Kutay et al.  2006 ). 
miRNA expression analysis of liver tumors showed that let-7a, miR-21, miR-23, 
miR-130, miR-190, and miR-17-92 family of genes were up-regulated whilst miR-122, 
an abundant liver-specifi c miRNA, was down-regulated as compared to control rats. 
Rats switched to the folate and methyl-adequate diet after 36 weeks on the defi cient 
diet showed an increase in miR-122 expression associated with the inhibition of 
hepatocarcinogenesis (Kutay et al.  2006 ). In human lymphoblastoid cells, folate 
defi ciency induced a pronounced global increase in miRNA expression. MiR-222 
was signifi cantly over-expressed under folate-defi cient conditions  in vitro  and also 
 in vivo  in human peripheral blood from individuals with low folate intake (Marsit 
et al.  2006 ).  

2.4     Vitamin E 

 Vitamin E is an essential vitamin with important antioxidant properties and also 
plays a role in cell signaling (Rimbach et al.  2010 ). Evidence suggests that vitamin 
E can alter miRNA expression as well. Experimental rats fed a vitamin E-depleted 
diet for 6 months resulted in reduced concentrations of miR-122a and miR-125b, 
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which may play an important role in lipid metabolism, carcinogenesis, and infl am-
mation (Gaedicke et al.  2008 ). In non-small cell lung cancer cells (NSCLC), delta- 
tocotrienol (a vitamin E variant) led to up-regulation of miR-34a expression and 
down-regulation of the Notch-1 pathway leading to inhibition of NSCLC cellular 
proliferation, invasion and induction of apoptosis (Ji et al.  2012 ).  

2.5     Selenium 

 Selenium, an essential trace element, plays an important role as a component of the 
active site of several cellular enzymes, including those involved in detoxifi cation 
(Burk  2002 ). Thus, selenium is involved in the regulation of various cellular functions 
including growth and apoptosis and selenium defi ciency is associated with increased 
cancer risk (Kim and Milner  2001 ). Selenium supplementation has emerged as an 
attractive new approach to intervene in a range of human cancers, in particular pros-
tate cancer (Sarveswaran et al.  2010 ). Sarveswaran et al. reported the modulation of 
miR-34b and miR-34c by selenium in prostate cancer cells (Sarveswaran et al. 
 2010 ). Incubation of LNCaP human prostate cancer cells (p53 +/+) with a natural 
form of selenium triggered rapid transcriptional activation of p53, and up-regulation 
of the expression of p53-target genes as well as induction of the miR-34 class of 
miRNAs (Sarveswaran et al.  2010 ). Since the majority of early- stage human pros-
tate cancers bear a functional p53 gene, their results suggest that selenite may be 
useful not only for prevention but also for treatment of human prostate cancer.  

2.6     Fatty Acids 

 Increasing evidence suggests that diets rich in n-3-polyunsaturated fatty acids 
(n-3 PUFAs) (docosahexaenoic acid, DHA and eicosapentaenoic acid, EPA) play a 
protective role in human cancers including colon, prostate and breast cancer. On the 
other hand, diets rich in n-6 PUFAs (linoleic acid, LA and arachidonic acid, AA) 
enhance carcinogenesis (Reddy et al.  1991 ; Shah et al.  2012 ; Whelan and McEntee 
 2004 ; Williams et al.  2011 ). Studies suggest that the protective effects of PUFAs 
may be partly mediated by affecting miRNA expression. Davidson et al. explored 
the effect of n-3 PUFA diet (fi sh oil) on azoxymethane- induced colon carcinogen-
esis in rats (Davidson et al.  2009 ). Carcinogen exposure led to reduced expression 
of fi ve different tumor suppressive miRNAs (let-7d, miR-15b, miR-107, miR-191 
and miR-324-5p), an effect that was reversed in n-3 PUFA fed animals pointing to a 
novel role of fi sh oil in protecting the colon from carcinogen-induced miRNA dys-
regulation (Davidson et al.  2009 ). Mandal et al. demonstrated a novel mechanism 
for the therapeutic function of fi sh oil diet that blocks miR-21, thereby increasing 
PTEN levels to prevent expression of CSF-1(colony stimulating factor-1) in breast 
cancer cells (Mandal et al.  2012 ). In another study, unsaturated fatty acids were 
shown to inhibit PTEN expression in hepatocytes by up-regulating microRNA-21 
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synthesis via an mTOR/NF-kappaB-dependent mechanism (Vinciguerra et al. 
 2009 ). Consistent with these data, microRNA-21 expression was increased in 
the livers of rats fed high-fat diets and in human liver biopsies of obese patients 
having diminished PTEN expression and steatosis (Vinciguerra et al.  2009 ). In glio-
bastoma cells, PUFA treatment led to differential expression of several miRNAs, in 
particular, down-regulation of miR-143 and up-regulation of miR-20b expression 
(Farago et al.  2011 ). 

 Butyrate, a short-chain fatty acid that is the metabolic end product of unabsorbed 
dietary fi ber or obtained directly from butter, is a putative chemoprotective agent 
(Karius et al.  2012 ; Miller  2004 ). Butyrate acts as a histone deacetylase inhibitor 
that has been shown to decrease proliferation and increase apoptosis in cancer cells 
(Miller  2004 ). Hu et al. ( 2011 ) reported that treatment of human colon cancer cells 
HCT116 with butyrate led to changes in the expression of 44 miRNAs, including 
signifi cant reduction of miR-17~92, miR~18b- 106a, and miR-106b~25 clusters. 
MicroRNAs altered by butyrate are primarily over-expressed in cancer cells as com-
pared to normal cells, including miR-106b, that was shown to directly target p21 
(Hu et al.  2011 ). Butyrate was also shown to alter miRNA patterns regulating endo-
dermal differentiation of human embryonic stem cells (hESC) (Tzur et al.  2008 ). 
Upon sodium butyrate-induced differentiation of hESC, two of the most up- 
regulated miRNAs were miR-24 and miR-10a, whose target genes have been shown 
to inhibit endodermal differentiation (Tzur et al.  2008 ).   

3     MicroRNAs and Phytochemicals 

3.1     Polyphenols 

 Polyphenols constitute a ubiquitous group of phytochemicals that possess important 
anti-cancer properties (Arts and Hollman  2005 ; Scalbert et al.  2005 ; Spencer et al. 
 2008 ). Some of the most common cancer chemopreventive polyphenols include 
curcumin and analogues, resveratrol, ellagitanin, catechins. Mechanistic studies 
suggest that polyphenolic compounds affect intracellular signaling network mole-
cules involved in initiation, promotion and progression of cancer. Recent evidence 
suggest that polyphenolic compounds modulate miRNAs and their targets in several 
cancer models as summarized in the following sections. 

3.1.1     Curcumin and Analogues 

 Curcumin (diferuloylmethane), a naturally occurring fl avanoid compound derived 
from the rhizome of  Curcuma longa , has been shown to have protective effect 
against various cancers (Aggarwal et al.  2003 ; Everett et al.  2007 ; Li et al.  2004 , 
 2005 ,  2007a ,  b ; Liang et al.  2004 ; Nakamura et al.  2002 ).  In vitro  and  in vivo  
preclinical studies have shown that curcumin has antioxidant, anti-infl ammatory, 
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antiproliferative, and proapoptotic activities. Curcumin putatively down-regulates 
the expression of gene products such as NF-κB, suppresses growth, induces apoptosis 
and modulates various signal transduction pathways and the expression of many 
oncogenes (Nakamura et al.  2002 ; Sarkar et al.  2009 ). Recent studies suggest that 
curcumin modulates miRNA expression patterns as well. 

 Curcumin has been shown to be a potentially effective agent in pancreatic cancer. 
Several studies have examined the modulation of miRNA expression by curcumin 
and its analogues in pancreatic cancer. An initial study demonstrated that curcumin 
alters the miRNA expression profi les in human pancreatic cancer cells (Sun et al. 
 2008 ). The effects of curcumin (10 μmol/L) on miRNA expression profi les were 
studied in a pancreatic cancer cell line, BxPC3 which showed that 11 miRNAs were 
signifi cantly up-regulated, whereas 18 were signifi cantly down-regulated by curcumin 
compared with the control. Signifi cantly, miR-22 was up-regulated accompanied by 
repression of its target genes  SP1 transcription factor (SP1)  and  estrogen receptor 
1 (ESR1) , whereas miR-199a* was down-regulated by curcumin (Sun et al.  2008 ). 
It has been reported that curcumin reduces the expression of WT1, a transcription 
factor that plays an important role in cellular proliferation and survival of various 
cancer cells, and is frequently expressed in pancreatic cancer (Glienke et al.  2009 ). 
It was shown that curcumin down-regulates the expression of WT1 partly by up-
regulating the expression of miR-15a/16-1 in leukemic cells (Gao et al.  2012 ). 

 Difl ourinated-curcumin (CDF), a synthetic analog of curcumin, shows greater 
bioavailability in animal tissues than curcumin (Padhye et al.  2009 ). Studies suggest 
that CDF either alone or in combination with curcumin, alters miRNA expression 
profi les. Bao et al. showed that CDF down-regulates miR-200 and miR-21 expres-
sion, inducing the up-regulation of its target gene, PTEN, in pancreatic cancer cells 
(Bao et al.  2011a ). Another report by the same group demonstrated that CDF inhibits 
pancreatic cancer tumor growth and aggressiveness by reducing EZH2 expression 
and increasing the expression of a panel of tumor suppressive miRNAs (including 
let-7a, b, c, d, miR-26a, miR-101, miR-146a, and miR-200b,c) that are typically lost 
in pancreatic cancer (Bao et al.  2012b ). Hypoxia-induced aggressiveness of pancre-
atic cancer cells is due to increased expression of VEGF, IL-6 and miR-21, which 
could be attenuated by treatment with CDF (Bao et al.  2012a ). Another study 
assessed the effect of CDF and BR-DIM (BioResponse 3,3′-diindolylmethane; a 
natural derivative of curcumin) on pancreatic cancer cells. The treatment augmented 
expression of the miR-200 family and PTEN while reducing expression of MT1-
MMP (Soubani et al.  2012 ). Ali et al. reported that in pancreatic cancer, loss of 
expression of let-7 and miR-143, and increased expression of miR-21 lead to 
increased expression of Ras and its GTPase activity, which could be attenuated by 
CDF treatment (Ali et al.  2012 ). 

 In a few studies with other cancers, curcumin up-regulated the expression of 
miR- 15a and miR-16 expression in breast cancer MCF-7 cells. miR-15a and miR- 16 
inhibited the expression of Bcl-2, thereby inducing apoptosis in these cancer cells 
(Yang et al.  2010 ). In colorectal cancer cells, curcumin inhibited the transcriptional 
regulation of miR-21 via AP-1, suppressed cell proliferation, tumor growth, inva-
sion and  in vivo  metastasis, and stabilized the expression of the tumor suppressor 
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Pdcd4 (Mudduluru et al.  2011 ). In A549/DDP multidrug-resistant human lung 
adenocarcinoma cells, curcumin signifi cantly down-regulated the expression of 
miR-186* (Zhang et al.  2010 ). We showed that curcumin directly induces a tumor 
suppressive miRNA, miR-203, in bladder cancer (Saini et al.  2011 ). miR-203 is 
frequently down-regulated in bladder cancer due to DNA hypermethylation of its 
promoter. Functional analyses showed that miR-203 has tumor suppressive proper-
ties in bladder cancer and miR-203 directly targets Akt2 and Src. Curcumin induces 
hypomethylation of the miR-203 promoter and up-regulates miR-203 expression, 
leading to down-regulation of miR-203 target genes Akt2 and Src that culminates in 
decreased proliferation and increased apoptosis of bladder cancer cells. This was the 
fi rst report that showed a direct effect of curcumin on inducing epigenetic changes at 
a miRNA promoter with direct biological consequences (Saini et al.  2011 ). 

 Expression of miR-21 is greatly increased in chemotherapy-resistant colon cancer 
cells that are enriched in undifferentiated cancer stem/stem-like cells (CSCs/CSLCs). 
Anti-miR-21 treatment induced differentiation in chemotherapy-resistant colon can-
cer cells. CDF was highly effective in inhibiting growth and reducing CSCs/CSLCs 
in anti-miR-21-induced differentiating colon cancer cells (Yu et al.  2013a ). Recently, 
Rao et al. reported that CDF could be a novel demethylating agent for restoring the 
expression of miR-34 family members (miR-34a and miR-34c) that are frequently 
down-regulated in colon cancer due to promoter hypermethylation (Roy et al.  2012 ). 
Gandhy et al. evaluated the effect of curcumin and its synthetic cyclohexanone and 
piperidine RL197 analog in colon cancer cell lines. They reported that curcumin and 
RL197 (the most active synthetic piperidine analog) induced reactive oxygen species 
(ROS), leading to inhibition of growth and induction of apoptosis. They found that 
curcumin-/RL197-induced repression of specifi city protein (Sp) transcription factors 
that was ROS-dependent. This was due to induction of the Sp repressors ZBTB10 
and ZBTB4 and down-regulation of miR- 27a, miR-20a and miR-17-5p that regulate 
these repressors (Gandhy et al.  2012 ). EF24, a curcumin analog with improved 
anticancer activity, has been shown to up- regulate the expression of potential tumor 
suppressor miRNAs and down-regulate oncogenic miRNAs, including miR-21, in 
human prostate cancer cells and murine melanoma cells (Yang et al.  2013 ). 
Collectively, these studies suggest that modulation of miRNAs may underlie the 
chemopreventive and therapeutic properties of curcumin.  

3.1.2     Resveratrol 

 Resveratrol (trans-3,4′,5-trihydroxystilbene) is a dietary polyphenolic, non- fl avonoid 
antioxidant derived from the skin of fruits, especially grapes, berries and other plant 
sources. Resveratrol has cancer preventive properties, and it is currently in pre-
clinical trials for human cancer prevention (Bishayee  2009 ). The chemopreventive 
properties of resveratrol stem from its ability to modulate canonical signal transduc-
tion pathways that control cell division, growth, apoptosis, infl ammation, angiogen-
esis, metastasis and recent studies suggest that resveratrol may exhibit these 
protective effects by modulating miRNAs (Bishayee  2009 ; Shah et al.  2012 ). 
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 Tili et al. ( 2010b ) studied resveratrol-mediated miRNA regulation in colon 
cancer cells (SW480) and established that resveratrol treatment decreases the 
 levels of several oncogenic miRNAs (miR-17, miR-21, miR-25, miR-92a, and 
miR-196a) targeting genes encoding Dicer1, tumor suppressor factors such as 
PDCD4 or PTEN, as well as key effectors of the TGFβ signaling pathway, while 
increasing the levels of  miR-663 , a tumor suppressor miRNA targeting  TGFβ1  
transcripts. They also reported that resveratrol treatment of human monocytic 
cells induced miR- 663 that decreases endogenous activator protein-1 (AP-1) 
activity and impairs its up-regulation by lipopolysaccharides (LPS), at least in 
part by directly targeting JunB and JunD transcripts. Further, they showed that 
resveratrol impairs the up- regulation of miR-155 by LPS in a miR-663-dependent 
manner (Tili et al.  2010a ). In colon cancer cells, resveratrol in combination with 
quercetin repressed oncogenic microRNA-27a and induced zinc fi nger protein 
ZBTB10, that in turn led to repression of Specifi city protein (Sp) transcription 
factors (Del Follo-Martinez et al.  2013 ). 

 Dhar et al. ( 2011 ) examined the differential miRNA expression in prostate cancer 
cells treated with resveratrol and found that 23 miRNAs were signifi cantly down-
regulated and 28 miRNAs were signifi cantly up-regulated. The down- regulated 
miRNAs included miR-17-92 and miR-106ab clusters with well recognized onco-
genic properties while the up-regulated miRNAs included miR-150, miR-149, and 
miR-1290. Also, PTEN, a predicted target of some of these miRNAs, was up-regu-
lated. Another study showed that resveratrol inhibited prostate cancer growth and 
metastasis, in part, through inhibition of Akt/miR-21 signaling pathway (Sheth 
et al.  2012 ). In addition to reduced miR-21 and pAkt, resveratrol increased the 
expression of PDCD4 and maspin. 

 In lung cancer cells, resveratrol inhibited cell mobility through induction of 
mesenchymal- epithelial transition (MET) and induction of miR-520c expression 
that repressed FOXC2 (forkhead box C2) via miRNA-520h-∣PP2A/C-
∣Akt → NF-κB → FOXC2 signal cascade. This study identifi ed a new miRNA-520h- 
related signal cascade involved in resveratrol-mediated tumor suppression activity 
and indicated the clinical signifi cance of miR-520h, PP2A/C and FOXC2 in lung 
cancer patients (Yu et al.  2013b ). Hagiwara et al. demonstrated that resveratrol pro-
motes expression and activity of Argonaute2 (Ago2), a central RNA interference 
(RNAi) component, thereby inhibiting breast cancer stem-like cell characteristics 
by increasing the expression of a number of tumor suppressive miRNAs, including 
miR-16, miR-141, miR-143, and miR-200c. They also found that pterostilbene, a 
natural dimethylated resveratrol analogue, is capable of mediating Ago2-dependent 
anti-cancer activity in a manner mechanistically similar to that of resveratrol 
(Hagiwara et al.  2012 ). In human non-small cell lung cancer cells (A549), resvera-
trol treatment signifi cantly up-regulated miR-194, miR-299, miR-338, miR-582, 
miR-758 and down-regulated miR-92a. Furthermore, this study identifi ed target 
genes related to apoptosis, cell cycle regulation, cell proliferation, and differentia-
tion as predicted targets of these miRNAs (Bae et al.  2011 ). In breast cancer MCF7 
cells, miR-663 and miR-744 inhibited expression of the proto-oncogene eukaryotic 
translation elongation factor 1A2 (eEF1A2) resulting in retardation of cellular 
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proliferation. Resveratrol-treatment of MCF7 cells led to up-regulation of miR-663 
and mir-744 accompanied by down-regulation of EEF1A2 mRNA (Vislovukh et al. 
 2013 ). miR-622 functions as a tumor suppressor by targeting K-Ras and enhances 
the anticarcinogenic effect of resveratrol (Han et al.  2012 ). These reports suggest 
that miRNA modulation form a signifi cant mechanistic basis underlying the 
 chemopreventive effects of resveratrol.  

3.1.3     Ellagitanin 

 Ellagitannins are a diverse class of hydrolyzable tannins that were initially charac-
terized for their anti-oxidant and free radical scavenging activity. These polyphenol 
compounds also possess anti-infl ammatory, anti-tumor promoting, anti- proliferative, 
and apoptosis-inducing properties (Okuda et al.  1989 ; Parasramka et al.  2012 ). 

 Ellagitannin (BJA3121), 1,3-Di-O-galloyl-4,6-(s)-HHDP-b-D-glucopyranose, 
is a new natural polyphenol compound isolated from the plant Balanophora 
Japonica MAKINO. This ellagitannnin was reported to have antiproliferative 
effects in human HepG(2) liver cancer cells (Wen et al.  2009 ). miRNA profi ling 
showed that BJA3121 can regulate the expression of 25 miRNAs, including 17 up-
regulated and 8 downregulated miRNAs in HepG(2) cells including let-7 family 
members, miR- 370, miR-373, and miR-526b. Prediction and functional analyses 
identifi ed putative targets with roles in cell proliferation and differentiation 
(Parasramka et al.  2012 ; Wen et al.  2009 ).  

3.1.4     Catechins 

 Catechins from tea extracts are considered to be potential chemotherapeutic drugs 
as well as cancer prevention agents. Chemopreventive effect of catechins have been 
described in preclinical models for all major sites of cancers, including prostate, 
breast, colon, lung, liver, and skin. Epigallocatechin gallate (EGCG) is a major type 
of green tea polyphenol that has been shown to alter cancer growth by targeting 
various cancer signaling pathways in a pleiotropic manner (Ahmad and Mukhtar 
 1999 ; Bailey and Mukhtar  2013 ; Mukhtar and Ahmad  1999a ,  b ; Shah et al.  2012 ). 
Recent data suggests that EGCG can modulate miRNAs expression. 

 In human hepatocellular carcinoma HepG2 cells, EGCG treatment was found to 
down-regulate expression of 48 miRNAs and up-regulate 13 miRNAs, including 
miR-16. EGCG treatment led to down-regulation of miR-16 target, Bcl2, leading to 
induction of apoptosis (Tsang and Kwok  2010 ). In prostate cancer, EGCG function-
ally antagonizes the action of androgen resulting in inhibition of PCa growth. EGCG 
treatment led to signifi cant down-regulation of androgen-regulated miR-21 and 
up-regulation of a tumor suppressor, miR-330 in prostate tumor xenografts (Siddiqui 
et al.  2011 ). In lung cancer cell lines, tea catechins up-regulated tumor suppressor 
miRNAs, let-7a-1 and let-7g, leading to repression of their targets, C-MYC and the 
regulatory protein of LIN-28 (Zhong et al.  2012 ). In human and mouse lung cancer 
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cells, EGCG specifi cally up-regulated expression of miR-210, a major miRNA 
regulated by HIF-1α (Wang et al.  2011 ). Polyphenon-60 (green tea extract) treatment 
of MCF-7 breast cancer cells led to signifi cant miRNA alterations, predominantly 
down-regulation of oncogenic miR-21 and miR-27 (Fix et al.  2010 ).   

3.2     Isofl avones 

 Soy isofl avones such as genistein, daidzein and glycitein have been reported to 
have chemopreventive and therapeutic effects, via modulation of estrogen receptor 
binding in various tissues (Parasramka et al.  2012 ; Saini et al.  2010 ; Shah et al. 
 2012 ). Genistein, a well-studied isofl avone isolated from soybean, has been found 
to be a potent antitumor agent. A large body of evidence suggests that the inhibi-
tion of human cancer cell growth by genistein is mediated via the modulation of 
genes that are related to the control of cell cycle, apoptosis, angiogenesis, invasion, 
and metastasis (Banerjee et al.  2008 ; Khan et al.  2008 ; Saini et al.  2010 ). Genistein 
induces the p21WAF1/CIP, p16INK4a and other tumor suppressor genes in prostate 
cancer cells by epigenetic mechanisms involving active chromatin modifi cations 
(Kikuno et al.  2008 ; Majid et al.  2008 ,  2009a ,  b ). It has been shown that genistein 
inhibits the activation of NF-kappaB and Akt signaling pathways, antagonizes 
estrogen- and androgen-mediated signaling pathways, possesses antioxidant prop-
erties, and is a potent inhibitor of angiogenesis and metastasis. Due to its pleiotropic 
anti-cancer activities, genistein is a promising agent for cancer chemoprevention 
(Banerjee et al.  2008 ; Khan et al.  2008 ) and is undergoing clinical trials in prostate, 
bladder, kidney and breast cancers (Taylor et al.  2009 ). Our group has been explor-
ing the chemopreventive effects of genistein in various urological malignancies. 
Recent evidence suggest that miRNAs are molecular targets of this isofl avone as 
summarized below. 

 Genistein signifi cantly inhibits human uveal melanoma cell growth in a time- and 
dose-related manner by regulating miR-27a and its target gene zinc fi nger and BTB 
domain containing 10 (ZBTB10) (Sun et al.  2009 ). Genistein suppressed prostate 
cancer growth through inhibition of oncogenic miR-151 (Chiyomaru et al.  2012 ) 
and up-regulation of miR-145 (Suh et al.  2011 ). In prostate cancer cells, isofl avone 
(70.5 % genistein, 26.3 % daidzein and 0.31 % glycetein) treatment led to increased 
levels of miR-29a and miR-1256 via demethylation of their promoters, causing 
decreased expression of target genes TRIM68 and PGK-1 culminating in inhibition 
of PCa cell growth and invasion (Li et al.  2012a ). Bao et al. reported that in pancre-
atic cancer, activation of Notch-1 signaling contributes to the acquisition of EMT 
phenotype, which is in part mediated through the regulation of miR-200b and CSC 
self-renewal capacity, and these processes could be attenuated by genistein treat-
ment (Bao et al.  2011b ). We reported miRNA mediated alteration of minichromo-
some maintenance (MCM) genes by genistein in prostate cancer. MCM genes that 
are involved in DNA replication are commonly dysregulated in cancer cells. In 
prostate cancer cells treated with genistein, the expression of tumor suppressive 
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miR-1296 was induced leading to down-regulation of MCM2 accompanied with cell 
cycle arrest in S-phase (Majid et al.  2010 ). Also, genistein could up- regulate the 
expression of ARH1 tumor suppressor gene in prostate cancer cells by down-regu-
lating miR-221 and miR-222 (Chen et al.  2011 ). Genistein inhibited expression of 
oncogenic miR-21 and miR-23b-3p in RCC cell lines (Zaman et al.  2012a ,  b ). 
Additionally, genistein inhibited Wnt-signaling by regulating onco-miR miR-1260b 
expression in renal cancer cells (Hirata et al.  2013 ). Genistein treatment of pancre-
atic cancer cells led to increased miR-146a expression and inhibited cancer cell 
invasion by down-regulation of EGFR, MTA-2, IRAK-1, and NF-kappaB (Li et al. 
 2010 ). Another study showed that genistein treatment of pancreatic cancer cells 
resulted in the up-regulation of let-7 and miR-200. This was associated with the 
down-regulation of EMT transcription factors, ZEB1, slug, and vimentin (Li et al. 
 2009 ). In ovarian cancer cells, genistein treatment led to differential expression of 
53 miRNAs with the induction of ERalpha and ERbeta expression and decreased 
cellular growth (Parker et al.  2009 ). Genistein synergized with tumor suppressive 
miR-16 to induce apoptosis in a murine chronic lymphocytic leukemia (CLL) model 
suggesting that genistein can potentially modulate the biological effects of miRNAs 
(Salerno et al.  2009 ).  

3.3     Indoles 

 Indole compounds, found in cruciferous vegetables, are potent anti-cancer agents. 
Studies with indole-3-carbinol (I3C) and its dimeric product, 3,3′-diindolylmeth-
ane (DIM) suggest that these compounds have the ability to deregulate multiple 
cellular signaling pathways, including PI3K/Akt/mTOR signaling, NF-κB signal-
ing which may explain their ability to inhibit invasion, angiogenesis, reverse 
epithelial-to- mesenchymal transition (EMT) phenotype and drug resistance 
(Ahmad et al.  2013 ). 

 Kong et al. ( 2012 ) reported that treatment of prostate cancer cells with BR-DIM 
(formulated DIM: 3,3′-diindolylmethane by Bio Response, Boulder, CO, abbrevi-
ated as BR-DIM) up-regulated let-7 and down-regulated EZH2 expression, consis-
tent with inhibition of self-renewal and clonogenic capacity. Moreover, BR-DIM 
intervention in a phase II clinical trial in patients prior to radical prostatectomy 
showed up-regulation of let-7 consistent with down-regulation of EZH2 expression 
in prostate cancer tissue specimens after BR-DIM intervention (Kong et al.  2012 ). 
In another prostate cancer study, formulated isofl avone and 3,3′-diindolylmethane 
(BR-DIM) down-regulated the expression of miR-92a, which is known to be associ-
ated with RANKL signaling, EMT and cancer progression. Their data suggests that 
isofl avone and BR-DIM could be useful for the prevention of PCa progression, by 
attenuating bone metastasis mechanisms (Li et al.  2012b ). 

 Treatment of pancreatic cancer cells with DIM or isofl avone increased miR-146a 
expression, causing down-regulation of EGFR, MTA-2, IRAK-1, and NF-kappaB, 
resulting in an inhibition of pancreatic cancer cell invasion (Li et al.  2010 ). In another 
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study, treatment of gemcitabine-resistant pancreatic cancer cells with either DIM or 
isofl avone resulted in up-regulation of miR-200 and let-7, leading to the down-
regulation of ZEB1, slug, and vimentin that in turn, led to morphologic reversal of 
EMT phenotype (Li et al.  2009 ). Further, indole-3-carbinol could effectively 
enhance the sensitivity of pancreatic cancer cells to gemcitabine via down- regulation 
of miR-21 (Paik et al.  2013 ). 

 Melkamu et al. ( 2010 ) studied the modulation of miRNA expression by indole-
3- carbinol in induced mouse lung tumors and found that the levels of several onco-
genic miRNAs including miR-21, mir-31, miR-130a, miR-146b were reduced in 
indole-3-carbinol fed mice relative to the level in mice treated with the carcinogen 
alone. Altered miRNA expression profi les were observed in lung tissues of rats 
exposed to environmental cigarette smoke (Izzotti et al.  2009 ). Upon treatment with 
fi ve dietary agents, including I3C, restoration of miRNAs targeting p53 function 
(miR-34b), TGF-β expression (miR-26a), ERBB2 activation (miR-125a), and 
angiogenesis (miR-10a) was observed (Izzotti et al.  2009 ; Parasramka et al.  2012 ). 
Treatment of MCF-7 breast cancer cells with DIM increased miR-21 expression and 
down-regulated Cdc25A, resulting in inhibition of breast cancer cell proliferation 
(Jin  2011 ). Collectively, these preliminary results in various cancer models suggest 
that miRNAs are promising molecular targets of chemopreventive dietary indoles.  

3.4     Isothiocyanates 

 Isothiocyanates derived from cruciferous vegetables have been shown to modulate 
carcinogen metabolism in different tissues and also exert other chemoprotective 
effects (Higdon et al.  2007 ; Parasramka et al.  2012 ; Shah et al.  2012 ). Phenethyl 
isothiocyanate (PEITC) has been evaluated in various studies for its ability to modu-
late the expression of miRNAs. Studies have demonstrated that PEITC modulates 
miRNA expression in lung and liver of rodents exposed to cigarette smoke. Izzotti 
et al. evaluated the modulation of mRNA expression as related to exposure of neo-
natal mice to environmental cigarette smoke and to treatment with chemopreventive 
agents. PEITC protected the lung from cigarette smoke-induced alterations of 
miRNA expression but exhibited some adverse effects in liver. In the lung, PEITC 
counteracted the biological effect of cigarette smoke by modulating several miR-
NAs including let-7a, let-7c, miR-200, miR- 26a, miR-31, miR-125b, miR-135, and 
miR-382 in the lung, whereas in the liver, mixed alterations were observed (Izzotti 
et al.  2010b ). In another study by the same group, PEITC was able to counteract 
miRNA alterations induced by cigarette smoke in mouse lung tissue (normal or 
affected by pneumonia) but not in lung cancer tissue (Izzotti et al.  2011 ,  2012 ). 
They also evaluated the effect of PEITC on miRNA alterations induced by cigarette 
smoke in rats and found that PEITC was very effective in restoring down-regulated 
miRNAs including let-7a, let-7c, miR-26a, miR-125b, miR-123, miR-99a, miR-146 
and miR-222 (Izzotti et al.  2010a ,  2012 ). In prostate cancer cells, PEITC down- 
regulated miR-141 leading to increased expression of small heterodimer partner 
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(Shp) that is a co-repressor to androgen receptor (AR) and inhibited AR transcrip-
tional activity (Xiao et al.  2012 ). In a recent study, Slaby et al. identifi ed a set of 
miRNAs (miR-155, miR-23b, miR-27b) regulated by isothiocyanates (sulfora-
phane, iberin) in colorectal cancer (Slaby et al.  2013 ). 

 Collectively, these studies support the concept that bioactive dietary components 
such as vitamins, fatty acids, trace elements, isofl avones, polyphenols, indoles and 
isothiocyanates play a chemopreventive role in the context of cancer biology by 
directly or indirectly modulating miRNA expression. Several of the downstream 
targets of these miRNAs are tumor suppressors or oncogenes that mediate the initiation 
and progression of carcinogenesis.   

4     Potential for Cancer Therapeutics 

 Numerous alterations in multiple cellular signaling pathways often underlie various 
malignancies. As a result, a ‘mono-modal therapy’ or ‘one gene-one target’ 
approach has often failed as a therapeutic intervention for cancers (Parasramka 
et al.  2012 ). In fact, with the realization of the extreme molecular complexity of 
cancer, therapeutic strategies are being envisioned to disable multiple networks of 
tumor maintenance, rather than individual signaling pathways (Altieri et al.  2009 ). 
Recently, with the increasing understanding of miRNA regulation and functional-
ity, miRNA based cancer therapeutic strategies are evolving, presently most of the 
strategies are based on the principle of gain- or loss- of-function (Parasramka 
et al.  2012 ). The potential of dietary agents to modulate miRNA expression patterns 
suggest that these agents will likely dovetail with ongoing research on the therapeutic 
potential of miRNAs. As detailed in the preceding sections, dietary factors have 
been reported to impact miRNAs involved in various stages of carcinogenesis, 
including early chemoprevention and also late-stage therapeutic effects. The advantage 
of dietary factors is that usually there are low associated toxicities. Currently, 
some of the dietary agents like genistein and curcumin are undergoing clinical 
trials in prostate, bladder, kidney and breast cancers (Taylor et al.  2009 ). Recent 
studies suggest that miRNAs in serum can serve as non-invasive biomarkers for 
cancer. In this regard, determining the change in miRNA levels in serum after 
exposure to dietary agents could be utilized as a diagnostic tool to monitor the 
effects of treatment over time. 

 Also there is great interest in combining conventional therapeutics with natural 
bioactive agents having chemoprotective properties. However, much work needs to 
be done to clarify the mechanisms by which dietary factors regulate miRNAs and 
other signaling pathways. In addition, issues such as  in vivo  bioavailability, 
selective targeting and the generation of bioactive metabolites need to be thoroughly 
examined. Currently, synthetic formulations of natural products with enhanced 
bioavailability, or encapsulation via nanoparticles and liposomes are being examined 
as alternative approaches (Parasramka et al.  2012 ).  
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5     Conclusions 

 In conclusion, experimental evidence suggests that dietary components such as 
essential nutritional factors, polyphenols, isofl avones, indoles and isothiocyanates 
can affect carcinogenesis through modulation of miRNA expression patterns and 
their target genes. Various dietary factors are now being investigated as modulators 
of miRNA profi les in cancer, and considering the growing awareness of the regulatory 
role of miRNA and their targets during different stages of cancer, there is much 
promise in the area from a chemopreventive and therapeutic standpoint. However, 
our current understanding in this area is still limited as the studies to date have been 
performed using cancer cell lines and are mostly highly descriptive. A vast majority 
of the studies have explored the global effect of dietary factors on miRNA expres-
sion and very few studies have validated the downstream targets.  In vivo  animal 
studies are required as these approaches tend to be more physiologically relevant 
and observations using cell lines are not always recapitulated  in vivo . Also,  in vivo  
approaches will take into account the pharmacokinetic and metabolic features of the 
dietary factors (Shah et al.  2012 ). In addition, more focused, detailed, mechanistic 
studies are required to move the fi eld forward in the context of miRNAs involved in 
cancer chemoprevention (Ashendel  1995 ; Parasramka et al.  2012 ; Saini et al.  2011 ; 
Shah et al.  2012 ). It is necessary to understand the upstream mediators that are 
responsible for diet-mediated miRNA alterations. Some of the dietary agents such 
as curcumin, butyrate, fl avonoids have been reported to alter epigenetic modifi cations 
which can modulate gene/miRNA transcription leading to changes in cell proliferation, 
differentiation, and cell survival (Shah et al.  2012 ). Overall, a better understanding 
of diet- regulated miRNA pathways will potentially aid in developing novel chemo-
preventive and therapeutic strategies for the management of cancer. Such studies are 
urgently needed given the fact that dietary components have been shown to play a 
crucial chemopreventive role in various cancers.     
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    Abstract     In 1927, Otto Warburg demonstrated that cancer cells use glucose for 
growth and division in a manner that is different from normal cells, a  phenomenon 
known nowadays as Warburg Effect. To date, overwhelming evidence indicates 
that aberration in metabolism plays important roles in cancer progression. More 
recently, for more than a decade biologists are fascinated by the functions of 
small RNAs known as microRNAs (miRNAs), which play vital roles in many 
important biological processes, such as cell proliferation, differentiation, EMT/
MET transition, cell signaling, response to infection, induction of pluripotent 
stem cells and cell metabolism. As discussed in other excellent chapters of this 
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book, the roles of miRNAs in cancer development have been extensively studied. 
Here in this chapter, we will discuss the signifi cance of miRNAs in regulating 
cancer cell metabolism. Specifi cally, we will focus on the roles of miRNAs in 
mediating metabolism of three major energy substrates including glucose, lipid 
and glutamine metabolism in cancer development.  

  Keywords     MicroRNA   •   Glucose metabolism   •   Lipid metabolism   •   Glutamine 
metabolism   •   Cancer metabolism  

1         Introduction 

 The theory put forward by Otto Warburg many years ago is that the faster growth 
rate of cancer cells than that of their normal counterparts is largely because cancer 
cells tend to drive glycolysis followed by lactate fermentation in the cytosol as 
energy source rather than oxidation of pyruvate fed into mitochondria, even in the 
presence of oxygen. This claim is now known as Warburg Effect (Wang et al.  2009 ; 
Warburg  1956 ). After more than eight decades, discovery and characterization of 
specifi c metabolic changes in cancer cells continue to progress rapidly and repro-
gramming energy metabolism is considered an emerging hallmark of cancers 
(Hanahan and Weinberg  2011 ). During cancer development, in order to meet the 
excessive demand of cellular growth, cancer cells may adapt a serial of strategic 
alterations regarding energy metabolism. For instance, glucose, as a ubiquitous 
energy source in most organisms, can supply carbon, oxygen, hydrogen for anabolic 
processes, and its uptake is frequently enhanced in cancer cells. Glutamine, a non- 
essential amino acid, serves as carbon source for energy production, conduces to 
biosynthetic reaction by supplying carbon and nitrogen, regulates redox homeostasis 
through synthesis of glutathione (Dang  2010 ). Increased glutaminolysis is emerged 
as a novel feature of the metabolic profi le of cancer cells, along with increased 
aerobic glycolysis. Another energy resource, fatty acid, which is seldom appreciated 
before but under the spotlight now, is required for energy storage, membrane synthesis 
and generation of signaling molecules (Currie et al.  2013 ). 

 Today, mutations in oncogenes and tumor suppressors are known to be answer 
for the malignant transformation. Furthermore, Warburg Effect is generally accepted 
as the result of these mutations, rather than a cause. Several famous oncogenes and 
tumor suppressors are conversantly participated in modifying glycolysis, glutami-
nolysis, lipid metabolism and various biosynthetic pathways. For instance, PI3K 
pathway/hypoxia/c-Myc promotes glucose uptake (Cairns et al.  2011 ). AMP- activated 
protein kinase (AMPK) regulates glucose switch through mTOR pathway (Cairns 
et al.  2011 ). Oncogenic Kras enhances glucose import at gene expression and 
protein levels as well as regulates glutamine metabolism in tissue-specifi c PDAC 
model (Ying et al.  2012 ; Son et al.  2013 ). Both c-Myc and p53 can manipulate 
glutaminolysis through glutaminase1 or glutaminase2 (Gao et al.  2009 ; Hu et al.  2010 ; 
Suzuki et al.  2010 ). Hypoxia can mediate lipogenesis by IDH1 through reductive 
glutamine metabolism (Metallo et al.  2011 ). 
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 In the meantime, nearly two decades ago, microRNAs (miRNAs), which are 
approximately 22 nucleotides long, were fi rst discovered in  Caenorhabditis ele-
gans  (Lee et al.  1993 ; Reinhart et al.  2000 ). They are encoded by miRNA genes 
which are transcribed by RNA polymerase II or III, then forming the primary 
miRNA in the nucleus, the primary miRNA is processed by Drosha and DGCR8, 
resulting in pre-miRNA, then it is exported from nucleus into cytoplasm by 
exportin 5 and reprocess by Dicer. Dicer is a RNAse III enzyme that processes 
the pre-miRNA to a 22 nucleotides miRNA. Presumably, miRNAs regulate a 
third of human genes through base pairing with regions within the 3′ untranslated 
region of the target mRNA (Cannell et al.  2008 ). There is abundant evidence on 
the multitudinous roles of miRNAs in biological processes, covering  proliferation, 
differentiation, aging, apoptosis, metastasis, signal transduction and so on 
(Babashah and Soleimani  2011 ). 

 Evidence is emerging that miRNAs are involved in multiple cancer development 
process including cancer metabolism. Whether we can cut off the specifi c energy 
supply for cancer cell growth by restoring normal aerobic metabolism, and how 
miRNAs involved in this alteration, are among the fi ercely investigated topics for 
cancer researchers. Here, we will focus on the special roles of miRNAs played on 
tumor metabolism, including glucose, glutamine and lipid metabolism.  

2     MicroRNAs Regulate Glucose Metabolism 

2.1     MiRNAs and Glucose Homeostasis 

 As summarized in Table  4.1 , miRNAs are shown to regulate insulin secretion, 
 biosynthesis and sensitivity to maintain the glucose homeostasis. Lin28/let-7 axis is 
demonstrated as the central regulator of mammalian glucose metabolism in mouse 
models (Zhu et al.  2011 ). Let-7 is the well-known tumor suppressor, whose biogen-
esis blocked by the RNA-binding protein Lin28. In mice, lin28 and let-7 play the 
opposite role in glucose metabolism through insulin-PI3K-mTOR pathway. Global 
knockdown of the let-7 family with an antimiR was suffi cient to prevent and treat 
impaired glucose tolerance in mice with diet-induced obesity (Frost and Olson 
 2011 ). Let-7 and let-7-targets such as c-Myc and Kras all have signifi cant effects on 
cancer metabolism, hence, the regulation of glucose homeostasis by lin28/let-7 axis 
may have profound implications in cancer metabolism (Zhu et al.  2010 ).

   The expression of miR-143 is up-regulated in the liver of genetic and dietary 
mouse model of obesity (Jordan et al.  2011 ). Highly expressed miR-143 inhibits 
insulin-stimulated AKT activation and impairs glucose metabolism by directly 
 targeting oxysterol-binding-protein-related protein (ORP). In the regulation of 
 glucose homeostasis, the pancreatic specifi c miRNA miR-375 (Kloosterman et al. 
 2007 ) has a profound effect. miR-375 as well as miR-124 and let-7b regulate insulin 
exocytosis in the pancreatic beta cell by suppressing myotrophin (MTPN) which 
helps secretary granules to exocytotic sites (Gauthier and Wollheim  2006 ). Recent 
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study showed that miR-375 directly targets 3′-phosphoinositidedependent protein 
kinase- 1(PDPK1), and signifi cantly impairs the activity of PDPK1 (El Ouaamari 
et al.  2008 ), a master kinase related to human disease such as diabetes and cancer.  

2.2     MiRNAs and Glycolysis 

 It is well known that the most fundamental metabolism alteration in tumor cells is 
increased levels of glucose uptake and glycolysis (also known as Warburg Effect). 
Glucose can’t pass across the hydrophobic cell membrane freely. They need a transport, 
glucose transporter proteins, also called solute carrier family 2 (GLUT). The level 
of glucose uptake can be affected by the activity of GLUT in cell  membranes. 
GLUT3 is inhibited by miR-195-5p (Fei et al.  2012 ), which directly targets GLUT3 
3′-untranslated region in human bladder cancer T24 cell lines. Via this molecular 
mechanism, miR-195-5p suppresses proliferation and promotes apoptosis of cancer 
cells  in vitro . GLUT4, another transporter of GLUT family, can be up-regulated by 
miR-223 (Lu et al.  2010 ) and miR-133 (Horie et al.  2009 ) in rat cardiomyocytes. 

 MiRNAs regulate glycolysis by directly targeting key metabolic enzymes. 
Hexokiase 2 (HK2), the fi rst enzyme of glycolysis that phosphorylates glucose to 
produce glucose 6-phosphate, was identifi ed as a target of miR-143 (Fang et al. 
 2012 ). MiR-143 was shown to down-regulate HK2 protein level and inhibit glucose 
metabolism in lung cancer. This phenomenon was also confi rmed in breast cancer. 
Further it was found that pro-infl ammatory cytokines promote glycolysis mediated 
by miR-155, which up-regulates HK2 in two cascades of miR-155-SOCS1-STAT3-
HK2 and miR-155-C/EBPβ-miR-143-HK2 (Jiang et al.  2012 ). Phosphogulcose 
isomerase (PGI) is a housekeeping cytosolic enzyme that brings the interconversion 
of glucose-6-phoshpate and fructose-6-phosphate, playing an important role in 
 glycolysis and gluconeogenesis. A decrease of PGI expression leads to over-expression 
of miR-200 (Ahmad et al.  2011 ), which is associated with reversal of mesenchymal- 
epithelial transition (EMT) phenotype in human breast cancer cells (Davalos et al. 
 2012 ). MiR-15a/16-1 cluster, the fi rst tumor suppressor miRNAs described in 
human malignancies (Calin et al.  2002 ), are reported to target the enzyme Aldo A 
which catalyzes a reversible aldol reaction in glycolysis (Calin et al.  2008 ). MiR- 
122 is the most abundantly expressed miRNA in the liver, and may be involved in 
lipid and cholesterol metabolism. While PTP1B is a newly identifi ed direct target of 
miR-122, it is a negative regulator of insulin signaling cascade (Yang et al.  2012 ). 
And miR-122 is also predicted to target aldo A (Chen et al.  2012 ). Thus, these miR-
NAs are reported to have roles in cancer glycolysis.  

2.3     MiRNAs and Glucose Stress 

 The change of miRNA expression is also a cause of abnormal glucose condition and 
subsequent cellular functions. In mesenchymal stem cells, hyperglycemic condition 
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lead to a decrease of miR-32-5p, which promotes cell cycle by targeting tensin 
homologs deleted on chromosome 10 (PTEN) (Zhu et al.  2013 ). MiR-30a-5p 
over- expression induce beta cell dysfunction  in vitro , which can be induced by high 
glucose at the concentration of 33.3 mmol/l (Kim et al.  2013 ). Another glucose 
induced miRNA, miR-29c, is known as a tumor suppressor which induces cell 
apoptosis, increases extracellular matrix protein accumulation and activates Rho 
kinase in mouse diabetic nephropathy model (Long et al.  2011 ). In glioma cells, a 
single miRNA was shown to adapt the cells to different glucose conditions. Glucose 
induced miR-451 promotes cell growth. While decreased miR-451 expression in 
low glucose slows proliferation, it enhances migration and survival (Godlewski 
et al.  2010 ). Deprivation of glucose leads to a change of miRNAs such as 
 miR-466h- 5p (Druz et al.  2012 ). Cultivation of mouse cell line with glucose-free 
medium causes the oxidative stress. The inhibition of histone deacetylases (HDACs) 
activity by this oxidative stress increases acetylation in miR-466h-5p promoter 
region, which lead to the activation of this miRNA.   

3     MicroRNAs Modulate Lipid Metabolism 

 Alteration and its impact of lipid metabolism in cancer cells have long been ignored 
compared to the intensive interest in two other star nutrients, glucose and glutamine. 
This sounds a bit strange considering the pivotal roles of fatty acid in energy  storage, 
cell proliferation and generation of membrane signal. However, last few years have 
witnessed a rapid development of the fi eld and now a growing body of research is 
focused on lipid metabolism. Herein, we will summarize the role of several  miRNAs 
that are involved in regulation of lipid homeostasis (Fig.  4.1 ).

   One of the most notable miRNAs involved in lipid metabolism is liver-specifi c 
miR-122, which accounts for approximately 70 % of total miRNAs in the liver. In 
addition to its known roles in regulating HCV/HBV (hepatitis C/B virus) replication 
and expression, hepatocyte differentiation and glucose metabolism (Fukuhara 
et al.  2012 ; Qiu et al.  2010 ; Hu et al.  2012 ), miR-122 is the fi rst miRNA to be 
linked recently to fat and cholesterol metabolism control. Two studies demon-
strated the fundament roles of miR-122 in regulating lipid metabolism by 
2′-O-methoxyethyl (2′-MOE) phosphorothioate-modifi ed antisense oligonucle-
otide (ASO)  in vivo  (Esau et al.  2006 ; Fabani and Gait  2007 ). More recently, two 
independent groups discovered the tumor suppressor role of miR-122 in mouse 
liver using genetic  deletion technology (Hsu et al.  2012 ; Tsai et al.  2012 ). Hsu 
et al. utilized mice which is germline knockout (KO) or liver-specifi c knockout 
(LKO) of miR-122 to describe the characteristics of fatty acid metabolism  in vivo . 
They found that in LKO mice, the hepatic lipid level, especially triglyceride (TG) 
accumulation, was increased by up-regulation of Agpat1 and Mogat1 which are 
responsible for TG biosynthesis. But the secretion of TG into serum is reduced, 
thus resulting in hepatic microsteatosis in early adult life of LKO mice. Moreover, 
many genes involved in development, cellular proliferation, death and cancer, such 
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as, c-Myc, c-Jun, CCND1, Igf2, Epcam, Rhoa, are aberrantly expressed in addition 
to the variation of lipid metabolism genes. In KO mice, increased monocytes and 
neutrophils are recruited to livers, leading to infl ammation, the major factor attrib-
uted to malignant transformation of hepatocellular carcinoma. Production of pro-
tumorigenic  cytokines including IL-6 and TNF-α are also increased in LKO and 
KO mice which possess higher HCC incidence along with aging (Hsu et al.  2012 ). 
Tsai et al. also described the similar tumor suppressor role of miR-122 using 
genetic deletion in mice. They demonstrated that serum HDL and VLDL were 
signifi cantly reduced in the miR-122 −/−  mice, which, on the contrary, causes liver 
steatosis. In addition,  miR-122 can control hepatic fi brogenesis through one target 
named Krüppel-like factor 6 (KLF6) that is expressed mainly in hepatic carci-
noma, whereas its  expression is much lower in the normal hepatocytes of WT 
 livers (Tsai et al.  2012 ). As a whole, these studies represented endeavors to  decipher 
and manipulate the vital roles of miR-122 in regulating liver homeostasis using 
miR-122 antisense oligonucleotides or using an loss-of-function model  in vivo  
(Wen and Friedman  2012 ). 

 SREBP, abbreviation of sterol regulatory element binding transcription factor, 
includes two protein named SREBP1 and SREBP2 whose vital function is played in 
sterol biosynthesis and cholesterol homeostasis by regulating transcription of sterol- 
regulated genes. Known miRNAs that are related with SREBP include miR-33a/b. 
MiR-33a is encoded in intron 16 of SREBP2 gene on chromosome 22, whereas 
miR-33b is encoded in intron 17 of SREBP1 gene on chromosome 17, respectively 

  Fig. 4.1     MicroRNA-mediated regulation of lipid metabolism . Many miRNAs are involved in 
regulation of the expression of target coding genes essential for fat acid synthesis and degradation. 
Focus of this fi gure is on the vital roles of miR-122, miR-33a/b and miRNAs related with PPARs 
in lipid metabolism       
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(Najafi -Shoushtari et al.  2010 ). The two mature miRNAs only differ in two nucleo-
tides, but can regulate plentiful overlapping target genes, such as ATP-binding 
 cassette transporter sub-family A member 1 (ABCA1), which is a cholesterol 
 transporter and can mediate cholesterol effl ux from within the cell to lipid-free 
 apolipoprotein A1 (APOA-I). When ABCA1 is decreased because of elevated 
 miR-33, then high density lipoprotein (HDL) cholesterol levels formation is 
destroyed, so the  incidence of cardiometabolic diseases increased (Najafi -Shoushtari 
et al.  2010 ; Horie et al.  2010 ; Rayner et al.  2010 ). In mouse macrophages, miR-33 
also targets ATP- binding cassette, sub-family G (white), member 1 (ABCG1), 
reducing cholesterol effl ux to nascent HDL (Rayner et al.  2010 ; Marquart et al. 
 2010 ). Meantime, miR- 33a and miR-33b also contribute to the regulation of several 
proteins involved in fatty acid β-oxidation, modulating the expression of carnitine 
O-octanoyltransferase (CROT), carnitine palmitoyltransferase 1A (CPT1A), and 
hydroxyacyl-CoA dehydrogenase- 3-ketoacyl-CoA thiolase-enoyl-CoA hydratase 
(trifunctional protein) β-subunit (HADHB). CROT, CPT1A, and HADHB regulate 
the transport and degradation of fatty acids in the mitochondria (Rayner et al.  2011 ; 
Davalos et al.  2011 ). 

 Nevertheless, Tae-Il Jeon and colleagues claimed that additional miRNAs may 
be more robustly activated by SREBPs than miR-33 to regulate intracellular choles-
terol, due to the fact that intracellular cholesterol levels are tightly controlled (Jeon 
et al.  2013 ). They performed a genome-wide analysis searching for miRNAs that 
are differentially expressed in livers of mice through controlled dietary, normal diet 
supplemented with excess cholesterol versus another diet with a combination of 
lovastatin plus ezetimibe (LE), drugs inhibit both endogenous cholesterol synthesis 
and dietary absorption of cholesterol. Intriguing fi nding is that miR-96/182/183 
cluster comes to light. They are expressed from a unique primary transcript and the 
promoter for this locus is a direct target regulated by SREBP2 in mice. In this paper, 
miR-96 and miR-182 negatively regulate the expression of INSIG-2 and FBXW7 
by targeting their 3′UTR, respectively. INSIG-2 and FBXW7 are two proteins that 
weaken the maturation of SREBP2, especially nuclear SREBP2 which plays the 
role of a transcription factor. Further analyses revealed that, when mice are fed with 
diet with cholesterol, normal, LE ingredient, miR-182 presents the gradient increase 
tendency because of the different density of cholesterol. Inversely, FBXW7 will 
decrease and result in accumulation of nuclear SREBP2 in LE group. This 
 phenomenon is also conserved in human cells. So it demonstrates the coordinate 
and reciprocal regulation of nuclear SREBP2 with miR-182 and FBXW7. Also, 
these miRNAs can modulate synthesis of lipid through regulate nuclear SREBP. 

 Peroxisome-proliferator-activated receptors (PPARs) are nuclear hormone 
 receptors that exert a transcriptional activity regulating genes involved in cell prolif-
eration, cell differentiation, energy homeostasis, diabetes, obesity, atherosclerosis, 
and other basic metabolically processes (Peyrou et al.  2012 ). Three major isoforms 
are known: PPAR-alpha, PPAR-beta/delta, PPAR-gamma. At least fi ve different 
miRNAs have been reported to regulate PPARs expression in liver cells directly or 
indirectly. Such as miR-10b, miR-21/miR-122 can directly regulate PPARα/
PPARβ(δ) respectively. MiR-27b/miR-132 modulate PPARα/PPARγ indirectly 
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(Zheng et al.  2010 ; Kida et al.  2011 ; Gatfi eld et al.  2009 ; Mann et al.  2010 ). The 
performance of relationship between these miRNAs and PPARs is embodied in 
 steatosis, cholesterol and lipid metabolism. Recently, Alessio Papi et al. found that, 
when mammospheres derived from breast cancer stem cell are exposed with breast 
tumor fi broblasts supernatant, enhanced autocrine tumor necrosis factor-a (TNFα) 
lead to functional interplay between peroxisome proliferator activated receptor-α 
and hypoxia inducible factor-1α (PPARα/HIF1α), two nuclear transcriptional 
 factors. But high PPARγ expression will antagonize the PPARα/HIF1α interplay. 
Further, they demonstrated that siHIF1α and siPPARα can decrease miR-130b 
expression, and pre-miR-130b in turn facilitates PPARα expression and decrease 
PPARγ. Another miRNA, miR17-5p, down-regulates PPARα, whereas it increases 
PPARγ expression. Through this regulatory network, they suggest that the  antagonist 
interplay between PPARα and PPARγ is mediated by miR130b and miR17-5p. 
Next, they pinpoint that apolipoprotein E (ApoE) is over-expressed in  mammospheres 
and PPARα over-expression can induce ApoE expression at mRNA and protein lev-
els. Hence, PPARα/HIF1α interplay can regulate lipid homeostasis through control 
of ApoE expression (Zissel et al.  2013 ).  

4     MicroRNAs Regulate Glutamine Metabolism 

 Since most cancer cells rely on aerobic glycolysis for proliferation and metabolism, 
fewer metabolites produced from glycolysis enter the tricarboxylic acid (TCA) 
cycle for energy supply. Thus, other alternative metabolites such as glutamine will 
play such a vital role as feeding the TCA cycle and redox homeostasis, not only as 
a nitrogen donor (Table  4.1 ). The c-Myc transcription factor, which is well known 
to regulate cell proliferation and glucose metabolism, has been validated to  stimulate 
glutamine catabolism by repressing miR-23a/b that target glutaminase 1 (GLS1), 
resulting in an increased uptake and catabolism of glutamine (Gao et al.  2009 ). 
GLS1 catalyzes the conversion of glutamine to glutamate, the latter is further 
 catabolized to α-ketoglutarate, which serves as a TCA substrate. Moreover, gluta-
mate can also be converted to proline in metabolic process. C-Myc not only increases 
GLS, but also induces proline biosynthesis from glutamine. In 2012, Liu et al. found 
that c-Myc robustly suppresses the expression of POX/PRODH protein, the fi rst 
enzyme in proline catabolism, primarily through increasing miR-23b*, which is 
processed from the same transcript as miR-23b (Liu et al.  2012 ). 

 In recent years, energy metabolism has been reported to play a major role in 
somatic reprogramming. TDH-mediated threonine catabolism could stimulate 
reprogramming process in mouse embryonic fi broblast (Han et al.  2013 ). In 
Drosophila, bioinformatics screen reveals that miR-277 acts as a metabolic switch 
in modulating amino acid catabolism. Hence, the regulation of amino acid 
 metabolism by miRNAs is emerging to exert signifi cant impact in cancer biology 
and beyond (Stark et al.  2003 ).  
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5     Summary and Future Perspectives 

 As we have discussed in this chapter, a plethora of studies now focus on the diverse 
roles of miRNAs played on tumor metabolism including glucose, glutamine and 
lipid metabolism with an aim to understand and combat cancers. Given that cancer 
cells adapt specifi c strategies for energy metabolism, one might expect to explore 
the regulatory mechanisms of cancer specifi c metabolism by miRNAs for cancer 
therapy. Indeed, restoration of miR-122 constitutes a novel approach that could be 
benefi cial for therapy of chronic liver diseases and HCCs that express low levels of 
miR-122. Moreover, high miR-122 expression abolishes hepatic insulin resistance, 
resulting in lower incidence of diabetes. Nevertheless, the actual roles and  regulatory 
networks of miRNAs in the real biological process of development and diseases are 
far more complicated than previously thought. In cancer metabolism, substantial 
cross-talks exist among the functions of miRNAs, oncogenes, nutrients enzymes 
and metabolites, dissection of which will greatly enhance our understanding of the 
complex process underlying human malignancies as well as provide insight for 
 cancer therapy.     
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    Abstract     MicroRNAs (miRNAs) are a class of non-coding RNAs that hybridize to 
mRNAs inducing either translation repression or mRNA cleavage. MiRNAs regulate 
a variety of biological processes in the cell, including development, cell differen-
tiation, proliferation, apoptosis and their abnormal expression levels are closely 
associated with pathogenesis of cancers. In this scenario, several high-throughput 
technologies studies have revealed miRNA roles in classifying tumors and predicting 
patient outcome with high accuracy. Because of their ability to concurrently target 
multiple pathways miRNA-based anticancer therapies are being developed, either 
alone or in combination with current targeted therapies, with the goal to improve the 
response and increase cure rates. Here, we highlight recent advances on the use of 
miRNAs as a potential approach for diagnosis and prognosis of solid cancer.  
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1         Introduction 

 The mechanism of action of MicroRNAs (miRNAs) has revolutionized the concept 
of gene expression regulation, because we now know that mRNA levels in a cell do 
not strictly correlate with protein expression (Bartel  2004 ). Functions of miRNAs 
are essential to control almost every biological process including cell cycle regula-
tion, cell growth, cell differentiation, apoptosis and stress response (Mendell and 
Olson  2012 ). We can argue that miRNAs evolved primarily to play the role of a 
reinforcer, in that their activities overlap with transcriptional patterns to sharpen 
developmental transitions and establish cellular identities. MiRNAs also control 
fl uctuations in gene expression and more faithfully signal outcomes in the context 
of certain regulatory networks. In this scenario, miRNA function is essential to keep 
a steady state of cellular machinery and maintain the cell type identity chosen 
during differentiation. MiRNAs are predicted to regulate a total of ~60 % of human 
genes generating an inhibitory network where multiple miRNAs can regulate single 
mRNA molecules and a single miRNA can act on a number of mRNA targets (Bartel 
 2004 ). It is important to note that a miRNA target gene has an expression threshold 
below which the gene is effi ciently repressed and above which it can overwhelm the 
available miRNA (Mukherji et al.  2011 ). The miRNA and target concentration, the 
strength and number of miRNA-binding sites in the target determine this threshold 
level (Mukherji et al.  2011 ). Clearly, different tissues or a particular tissue under 
different conditions exhibit different miRNA/target expression profi les and thus 
have different thresholds for a given target gene. 

 As more miRNAs are unraveled and their roles dissected, it has become evident 
that the involvement of these molecules in cancer is much more extensive than 
initially thought (Di Leva and Croce  2010 ; Kasinski and Slack  2011 ). After the 
seminal study from our laboratory showing that the miR-15/16 cluster is frequently 
deleted in chronic lymphocytic leukemia (CLL), myriad studies were published 
defi ning a role for miRNAs in the diagnosis, prognosis and therapy of cancer (Calin 
et al.  2002 ). The most striking theme in the study of miRNAs and cancer is the 
signifi cant alteration of miRNA expression in malignant cells compared with their 
normal counterparts (Calin and Croce  2006 ). All analyzed tumors have exhibited a 
specifi c miRNA signature, termed the miRNome, that characterizes the malignant 
state and defi nes some of their clinicopathological features (e.g., grade, stage, sex, 
age, aggressiveness, vascular invasion, proliferation index) (Calin and Croce  2006 ). 
Since miRNAs have a very restricted tissue-specifi c expression, the apparent 
miRNA modulation in cancer tissues may represent the manifestation of a different 
cell population in the tumor than in normal tissues. However, experimental 
approaches in human cancer cells and animal models have shown the functional 
link between the tumor appearance and progression and the miRNA modulation. 
For example, transgenic expression of miR-155 (Costinean et al.  2006 ) or miR-21 

G. Di Leva and M. Garofalo



99

(Medina et al.  2010 ) so well loss of miR-15/16 are suffi cient to initiate lymphomagenesis 
in mice (Klein et al.  2010 ). The expression data documenting dysregulation of these 
miRNAs in various tumor types and the genomic data linking these miRNA genes 
to recurrent amplifi cations or deletions in cancer cells have strongly supported that 
specifi c miRNAs act as oncogenes and tumor suppressors (Lu et al.  2005 ; Volinia 
et al.  2006 ; Calin et al.  2004 ; Babashah and Soleimani  2011 ). Consequently, dysfunc-
tional miRNAs in tumor cells are attractive candidates for next-generation therapeutics. 
Two different strategies have been defi ned: (1) inhibition of oncogenic miRNAs 
by using miRNA antagonists, such as anti-miRs, locked nucleic acids (LNAs), or 
antagomiRs; (2) miRNA replacement involving the reintroduction of a tumor suppressor 
miRNA mimetic to restore its loss of function (Garofalo and Croce  2011 ). In this 
review, we synthesize our current understanding of the role of miRNA diagnostic, 
prognostic and therapeutics in solid cancers and the manner in which dysregulation of 
miRNA levels can contribute to all aspect of tumorigenesis.  

2     MicroRNAs and Hepatocellular Carcinoma 

 Hepatocellular carcinoma (HCC) is the fi fth most frequently diagnosed cancer 
worldwide and the second most frequent cause of cancer death in men. The overall 
5-year survival rate of liver cancer patients remains low, ranging from 0 to 14 % 
(Siegel et al.  2011 ). This rate illustrates the importance of uncovering the cellular 
and molecular mechanisms involved in this aggressive HCC to develop more effec-
tive treatment options and improve the prognosis of HCC patients. Cancer can arise 
from a combination of epigenetic and genetic abnormalities that result in abnormal 
gene expression and function (Dumitrescu  2009 ; Piperi et al.  2008 ; Jones and 
Baylin  2007 ). However, like other cancers, the molecular mechanisms underlying 
the development and progression of HCC are still far from being understood. Recent 
studies have indicated that miRNAs directly contribute to HCC by targeting many 
critical regulatory genes. In an attempt to use miRNAs to create a molecular 
classifi cation of HCC, Murakami et al. analyzed miRNA expression profi les in 24 
HCC samples and 22 adjacent non tumorous tissue (NT) (Murakami et al.  2006 ). 
They identifi ed 30 miRNA genes that were differentially expressed in the HCC and 
corresponding NT specimens. The expression levels of four miRNAs (miR-92, 
miR- 20, miR-18 and precursor miR- 18) were signifi cantly higher in poorly diffe-
rentiated HCC samples, with moderate expression in moderately differentiated 
HCC and low expression in well-differentiated HCC. In addition, the expression 
levels of miR 92, miR-20, and miR-18 were inversely correlated with the degree of 
HCC differentiation, suggesting that these miRNAs contribute to both tumorigenesis 
and loss of tumor differentiation. In another study, Sato et al. developed a mathe-
matical model to assess the risk of HCC recurrence after liver resection, based on 
miRNA expression profi ling (Sato et al.  2011 ). They found that tumor miRNA 
profi les could predict early recurrence, whereas the profi les of the normal tissues 
were predictive of late recurrence, suggesting that the miRNA profi le represents the 
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malignant potential of primary tumors, associated with the presence of hepatic 
dissemination. MiRNA expression profi les have also been informative of the meta-
static state of HCC. In this regard, in contrast with the results obtained by Wong 
et al., who did not fi nd differences in miRNA expression pattern between primary 
HCCs and venous metastases (Wong et al.  2012 ), Budhu et al. identifi ed a 20-miRNA 
tumor signature associated with HCC venous metastasis (   Budhu et al.  2008 ). This 
signature predicted survival and recurrence of HCC in patients with multinodular or 
solitary tumors, including those with early-stage disease (Budhu et al.  2008 ). 
Overall the genome-wide analyses have demonstrated that miRNAs have a strong 
diagnostic and prognostic value in HCC (Table  5.1 ).

   As previously stated, many  in vitro  and preclinical studies have either reintroduced 
onco/suppressive miRNAs or inhibited oncogenic miRNAs in cancer cells, showing 
that these treatments often result in impairment of cell proliferation and invasion or 
in an increased apoptosis. Regarding HCC, several reports have shown that either 
exogenous expression of tumor suppressor miRNAs or inhibition of oncomiRs 
resulted in impaired growth or invasive ability of HCC cell lines  in vitro  or in xeno-
grafts. Kota and colleagues demonstrated that HCC cells exhibit reduced expression 
of miR-26a (Kota et al.  2009 ). Expression of this miRNA in liver cancer cells  in 
vitro  induces cell-cycle arrest associated with direct targeting of cyclins D2 and E2. 
Importantly, systemic administration of miR-26a in a mouse model of HCC using 
adeno-associated virus resulted in inhibition of cancer cells proliferation, induction 
of tumor-specifi c apoptosis, and dramatic protection from disease progression without 
toxicity (Kota et al.  2009 ). 

 One of the most expressed miRNAs in liver cancer is miR-221, which accelerates 
hepatocyte proliferation by targeting important tumor suppressor genes such as 
PTEN, TIMP3, p27, p57 (   Garofalo et al.  2009 ; le Sage et al.  2007 ; Fornari et al. 
 2008 ). The importance of miR-221 in liver cancer has recently been addressed by 
Callegari and coworkers (Callegari et al.  2012 ). These authors showed that, in a 

   Table 5.1    MicroRNAs with clinical signifi cance in Hepatocellular carcinoma   

 MicroRNA  Expression in HCC  Clinical outcome 

 miR-122  Down  Poor prognosis 
 miR-124  Down  More aggressive and/or poor prognosis 
 miR-139  Down  Poor prognosis 
 miR-145  Down  Short disease survival 
 miR-199b  Down  Poor overall survival and progression free survival 
 miR-22  Down  Poor prognosis 
 miR-26  Down  Short overall survival 
 miR-10b  Up  Poor prognosis 
 miR-125b  Up  Good survival 
 miR-155  Up  Poor recurrence free survival and overall survival 
 miR-21  Up  Poor prognosis 
 miR-221  Up  Poor prognosis 
 miR-222  Up  Poor prognosis 

   HCC  hepatocellular carcinoma  
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transgenic mouse model over-expressing miR-221, the emergence of spontaneous 
nodular liver lesions in approximately 50 % of male mice and a strong acceleration 
of tumor development in 100 % of mice treated with diethylnitrosamine. Of note,  in 
vivo  delivery of anti-miR-221 oligonucleotides led to a signifi cant reduction of the 
number and size of tumor nodules. In another study, Park and colleagues used 
cholesterol- modifi ed isoform of anti-miR-221 (chol-anti-miR-221) improving 
pharmacokinetics and liver tissue distribution compared with unmodifi ed oligonu-
cleotide. Chol-anti-miR-221 signifi cantly reduced miR-221 levels in liver within a 
week of intravenous administration and in situ hybridization studies confi rmed 
accumulation of the oligonucleotide in tumor cells  in vivo  (Park et al.  2011 ). 

 MiRNAs can infl uence the sensitivity of tumors, including HCC, to therapy. 
Up-regulation of miR-130a directly inhibited expression of tumor suppressor gene 
RUNX3, which resulted in activation of Wnt/β-catenin signaling and increased 
resistance to cisplatin in Huh7 cells (Xu    et al.  2012b ). Instead, MiR-193a-3p has 
been demonstrated to dictate the 5-FU resistance of HCC cells via repression of 
serine/arginine-rich splicing factor 2 (SRSF2) expression, which up-regulates the 
proapoptotic splicing form of caspase 2 (CASP2L) and sensitizes HCC cells to 
5-FU (Ma et al.  2012 ).  

3     MicroRNAs and Cervical Cancer 

 More than 400,000 new cases of cervical cancer that lead to approximately 270,000 
deaths are diagnosed every year worldwide and, in underdeveloped countries, it is 
still one of the leading causes of death in female population (Parkin and Bray  2006 ). 
Cervical cancer etiology is strongly linked to human papilloma virus (HPV) infection 
and, although high effi cacy of the screening has decreased the rates of cervical cancer 
diagnoses, the exact pathway leading from the infection to tumorigenesis has not 
been revealed so far (Jabbar et al.  2009 ; Yugawa and Kiyono  2009 ). 

 Emerging roles of miRNAs in cervical carcinoma has been postulated by an 
enlarging number of studies (Table  5.2 ) (Lui et al.  2007 ; Wang et al.  2008 ; Martinez 
et al.  2008 ; Lee et al.  2008 ). Among the altered miRNAs reported, all cervical 
carcinoma cell lines and tumor tissues examined contained no detectable miR-143 
and miR-145. A recent study indicates that down-regulation of the miR-143/145 
cluster requires the Ras-responsive element-binding protein (RREB1) to repress its 
promoter, but K-Ras and RREB1 are themselves targets of miR-143/145, arguing 
for a feed-forward mechanism that potentiates Ras signaling (Kent et al.  2010 ). 
However, miR-143/145 cluster repression does not seem to be specifi c for this type 
of cancer, as signifi cant decrease in its expression was observed also in other tumors, 
e.g. colorectal, breast, and lymphoid cancers (Michael et al.  2003 ; Iorio et al.  2005 ; 
Akao et al.  2007a ,  b ). As in many other solid tumors, the up-regulation of miR-21 
was also observed in cervical cancer and linked to inhibition of several tumor 
suppressor genes involved in regulation of cells proliferation and apoptosis (Volinia 
et al.  2006 ; Iorio et al.  2005 ; Chan et al.  2005 ; Roldo et al.  2006 ; Frankel et al.  2008 ; 
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Qi et al.  2009 ; Meng et al.  2007 ). For example, Yao et al. found that inhibition of 
miR-21 in HeLa cells resulted in diminished proliferation and increased expression 
of Pdcd4, a well-known tumor suppressor (Yao et al.  2009 ).

   High-risk HPVs, such as HPV16, HPV18, and HPV31, have been detected in up 
to 99.7 % of cervical squamous cell carcinomas and 94–100 % of cervical adeno- 
and adenosquamous carcinomas (Bosch and de Sanjose  2003 ; Walboomers et al. 
 1999 ). The HPV oncoproteins, E6 and E7 contribute to cervical carcinogenesis by 
inactivating the cellular tumor suppressor proteins p53 and pRb, respectively 
(Scheffner et al.  1990 ; Dyson et al.  1989 ; Boyer et al.  1996 ). Because the miR-34a 
gene is a direct transcriptional target of p53, and its expression can be transactivated 
by the binding of p53 to a consensus p53 binding site in the miR-34a promoter 
region (He et al.  2007 ; Chang et al.  2007 ; Raver-Shapira et al.  2007 ), E6-mediated 
degradation of p53 leads to the reduction of miR-34a in raft cultures, cervical 
intraepithelial neoplasia (CIN), and cervical cancer tissues. Viral E6 also regulates 
the expression of miR-218 and miR-23b (Martinez et al.  2008 ; Au Yeung et al. 
 2011 ). Although how E6 reduces miR-218 expression remains unknown, down- 
regulation of miR-23b expression has been linked to p53. Au Yeung and colleagues 
( 2011 ) found that the gene encoding miR-23b on chromosome 9 contains a promoter 
region with a p53 binding site, and in the presence of p53, the gene is activated to 
express miR-23b as a cluster of miR-23b/27b/24-1, providing another example of 
E6/p53 mediated down-regulation of miRNAs. High levels of miR-15a and miR-
16-1 have been identifi ed in cervical cancer relative to normal cervical tissues 
(Wang et al.  2008 ). Increased expression of the miR-15a/16-1 cluster in cervical 
cancer tissues is associated exclusively with the expression of the viral E7 oncopro-
teins in HPV16 or HPV18 infected cells. In fact, viral E7-mediated degradation of 
the tumor suppressor pRB frees E2F from the pRB–E2F complex to interact with the 
promoter regions of c-Myb and c-Myc, which in turn activate DLEU2 transcription 
and promote miR-15a/16-1 cluster expression. High-risk HPV E7 also represses the 

Authors Samples Techniques Results

Lui et al. 
(2007) 

6 cervical cancer cell lines 
and 5 normal cervical 
samples 

Cloning-based 
technique, Northern 
blot 

miR-21, let-7b, let-7c, miR-23b,
miR-196b, miR-143

Wang et 
al. 
(2008) 

HPV161, HPV181, HPV 
negative cervical cancer cell 
lines, primary cancer cell 
lines, cervical cancer vs. age 
matched normal cervical 
samples 

Microarray platform, 
Northern blot 

miR-15a, miR-223, miR-146a,
miR-143, miR-145, miR-218,
miR-424

Martinez 
et al. 
(2008) 

HPV161, HPV181, HPV 
negative cervical cancer cell 
lines and cervical cancer vs. 
normal cervical samples 

Microarray platform, 
Northern blot, 
quantitative RT-PCR 

miR-182, miR-183, miR-210,
miR-143, miR-145, miR-126,
miR-195, miR-218, miR-368,
miR-497

Lee et al. 
(2008) 

10 cancer tissue samples vs. 
10 normal cervical controls 

Quantitative RT-PCR miR-199a, miR-199b, miR-199s,
miR-9, miR-145, miR-133a, miR-
133b, miR-214, miR-127, miR-
149, miR-203

   Table 5.2    MicroRNA profi ling studies in cervical cancer 

        Up- or down-regulated miRNAs are reported in  red  and  green , respectively  
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expression of miR-203 in human keratinocytes controlling the shift of keratinocytes 
in differentiating epithelia from a proliferative state to a nonproliferative state 
(Melar-New and Laimins  2010 ). Expression of E7 viral protein blocks miR-203 
dependent differentiation of human foreskin keratinocytes with a corresponding 
increase in the expression of ΔNp63, a member of the p53 family that is highly 
expressed in proliferative undifferentiated basal keratinocytes, but poorly expressed 
in differentiated nonproliferative cells. The authors also showed that miR-203 
expression in HPV-positive cervical cancer cells promotes viral genome amplifi ca-
tion in the short term, but a high level of miR-203 expression interferes with viral 
genome amplifi cation in the long term (Melar-New and Laimins  2010 ). Although 
the mechanism by which miR-203 is involved in viral DNA replication remains to 
be investigated, this is the fi rst evidence that cellular miRNAs may also play an 
important role in the regulation of viral gene expression and DNA replication. In 
this regard, reduced miR-125b expression was found in cervical pre- cancerous 
lesions during early HPV infection and ectopic miR-125b suppresses HPV16 
DNA replication, presumably through the sequence homology of HPV16 L2 and 
miR-125b (Nuovo et al.  2010 ).  

4     MicroRNAs and Breast Cancer 

 Based on the American Cancer Society data (  http://www.cancer.org    ), breast cancer 
still remains the most frequent cancer among American women, with approximately 
230,000 new cases diagnosed and about 40,000 deaths in 2012. It is therefore 
essential to better understand the underlying molecular mechanisms and to develop 
more effective treatments. 

 The fi rst report describing the existence of a miRNA signature characterizing 
human breast cancer was published in 2005, suggesting the involvement of miRNAs 
in the pathogenesis of this human neoplasm (Iorio et al.  2005 ). The authors described 
a breast cancer-specifi c miRNA signature performing a genome-wide miRNA 
expression analysis on a limited set of normal and tumor breast tissues, resulting in 
the identifi cation of a list of 29 miRNAs differentially expressed, and able to classify 
tumors and normal tissues with an accuracy of 100 %. Among the miRNAs diffe-
rentially expressed, miR-10b, miR-125b and miR-145 were down-modulated, while 
miR-21 and miR-155 were up-modulated, suggesting that these miRNAs could exert 
a role as tumor suppressor genes or oncogenes. Similar to mRNA expression profi l-
ing, which have been used to classify breast tumors into four or fi ve intrinsic sub-
types (Prat and Perou  2011 ), miRNA expression profi les may also be applied to 
classify breast tumors, such as luminal A, luminal B, basal-like, HER2, and normal- 
like (Blenkiron et al.  2007 ). Individual miRNAs, such as let-7 family members, have 
been found to be associated with tumor subtype, ER status, and tumor grade. A 
recent analysis by Volinia et al. ( 2012 ) identifi ed by analyzing recently published 
deep-sequencing dataset the miRNA signature related to the transition from ductal 
carcinoma in situ to invasive ductal carcinoma, a key event in breast cancer progression. 
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A nine-miRNA signature was identifi ed that differentiates invasive from in situ 
carcinoma. Specifi cally, let-7d, miR-210, and -221 were down-regulated in the in 
situ and up-regulated in the invasive transition, thus featuring an expression reversal 
along the cancer progression path. Indeed, fi ve miRNAs (miR-210,-21,-106b*,-197, 
and let-7i) were associated with overall survival and time to metastasis and miR-210 
was the only one also involved in the invasive transition. 

 In another study, Volinia and Croce ( 2013 ) identifi ed the survival signature of 
breast cancer through the analysis of a cohort of 466 patients with primary invasive 
ductal carcinoma, the most frequent type of breast cancer, by integrating mRNA, 
miRNA, and DNA methylation next-generation sequencing data from The Cancer 
Genome Atlas (TCGA). Thirty mRNAs and seven miRNAs were associated with 
overall survival across different clinical and molecular subclasses of 466 invasive 
ductal carcinomas. The prognostic RNAs included PIK3CA, one of the two most 
frequently mutated genes in invasive breast cancer, and miRNAs such as miR-328, 
miR-484, and miR-874. The integrated RNA signature was successfully validated 
on eight different breast cancer cohorts, comprising a total of 2,399 patients, by 
showing that a combination of mRNA/miRNA signature has a superior performance 
for risk stratifi cation with respect to other RNA predictors, including the mRNA 
signatures used in the commercial MammaPrint and Oncotype DX assays. Except 
for a few miRNAs, the functions of most prognostic miRNAs in breast cancer initia-
tion and progression remain to be elucidated. The involvement of miR-200 and let-7 
in the biology of breast cancer is a relatively well characterized phenomenon. From 
breast tumor profi ling, these two miRNA families showed a similar expression 
patterns across breast tumor subtypes   . First, both miRNA families are highly 
repressed in the breast cancer tumor-initiating cells compared to non-tumorigenic 
cancer cells (Shimono et al.  2009 ; Iliopoulos et al.  2010 ; Ma et al.  2007 ). Second, 
they resulted to be highly expressed in breast cancer samples with either lymph 
node metastasis or higher proliferation index, suggesting that low levels of these 
miRNAs could be associated with poor prognosis (Iorio et al.  2005 ). Shimono et al. 
( 2009 ) demonstrated that enforced expression of miR-200c disrupts breast tumor- 
initiating cells proliferation and inhibits tumorigenesis  in vivo . MiR-200b also 
regulates breast tumor-initiating cells growth by directly targeting Suz12, a subunit 
of PRC2 complex which regulates the epithelial to mesenchymal transition (EMT) 
by repressing E-cadherin (Iliopoulos et al.  2010 ). Many other groups have reported 
that miR-200 family members (miR-141, miR-200a, b and c, and miR-429) regulate 
EMT by targeting the transcriptional repressors ZEB1 and ZEB2, thereby increasing 
E-cadherin expression (Burk et al.  2008 ; Park et al.  2008 ). 

 Let-7 is a known tumor suppressor that targets important oncogenes such as 
RAS, Myc and HMGA2 (Yu et al.  2007 ; Johnson et al.  2005 ; Lee and Dutta  2007 ). 
let-7 members expression is markedly reduced in breast tumor-initiating cells and 
increased with differentiation (Yu et al.  2007 ). Specifi cally, reduced let-7 levels are 
required for functional SKBR3 stemness, as enforced expression of let-7 suppresses 
self-renewal and tumor initiation, while reduced let-7 level, mediated by a let-7a 
antisense oligonucleotide, inhibits cell differentiation without affecting proliferation 
but suppressing the stem cell-like properties of breast cancer cells. 
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 Research in the past 5 years implies multiple functions of miRNAs in breast 
cancer metastasis. As for primary tumors, some miRNAs are remarkably reduced or 
eliminated, whereas other miRNAs are aberrantly accumulated in metastatic breast 
cancer specimens relative to non-metastatic specimens. The most represented miR-
NAs are miR-10b (Ma et al.  2007 ), miR-335 (Tavazoie et al.  2008 ), miR-373, and 
miR-520 (Huang et al.  2008 ), miR-210 (Volinia et al.  2012 ). In addition, miR-200 
and let-7 families are also involved in the regulation of metastasis, by controlling 
the stemness of breast tumor initiating cells (Shimono et al.  2009 ; Iliopoulos et al. 
 2010 ; Yu et al.  2007 ). The expression of miR-10b, found down-modulated in breast 
carcinoma in comparison to normal tissue, has subsequently been analyzed in cor-
relation with clinical progression and presence of metastasis by Weinberg’s group. 
They observed that miR-10b was down-modulated 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. Induced by transcription factor 
Twist, miR-10b inhibits the translation of mRNA encoding homeobox D10, releasing 
the expression of the pro-metastatic gene RHOC and thus leading to tumor cell 
invasion and metastasis (Ma et al.  2007 ). By profi ling the MDA-MB-231 parental 
cell line and its derived bone/lung-metastatic cell lines (BoM1 and LM2), Tavazoie 
et al. ( 2008 ) identifi ed eight miRNAs (miR-335, miR-199a*, miR-122a, miR-126, 
miR-206, miR-203, miR-489, and miR-127) down-regulated in derived metastatic 
cells. Three of them, miR-335, miR-126, and miR-206, showed a similar reduced 
expression in other patient tumor-derived malignant cell lines (CN34-LM1 and 
CN34-BoM1) compared to parental cancer cells. The restoration of these three 
miRNAs signifi cantly inhibited dissemination and metastases, with miR-335 and 
miR-206 suppressing migration and morphology and miR-126 reducing tumor growth 
and proliferation. Expression levels of miR-335 and miR-126 are signifi cantly associ-
ated with metastasis-free survival of breast cancer patients. 

 Approximately 40 % of breast cancer patients that are initially responsive to 
tamoxifen and other endocrine therapies relapse. The mechanisms for acquired 
endocrine resistance, despite continued ERα expression, are complex. To date, the 
role of miRNAs in endocrine-resistance has been examined by relatively few inves-
tigators. miRNA-221/222 are over-expressed in tamoxifen-, fulvestrant-, and tumor 
necrosis factor (TNF)- resistant MCF-7 cell line derivatives and in ERα negative 
tumors (Miller et al.  2008 ; Rao et al.  2011 ; Zhao et al.  2008 ; Di Leva et al.  2010 ). 
A screen of miRNAs involved in estrogen-resistance in MCF-7 cells identifi ed up- 
regulation of miR-101 as promoting estrogen-independent growth of MCF-7 cells, 
without affecting ERα levels or activity (Sachdeva et al.  2011 ). The mechanism 
involves down-regulation of MAGI-2, a scaffold protein required for PTEN activity 
by miR-101, and consequent increased Akt activity. As summarized in Fig.  5.1 , 
many miRNAs have been identifi ed as biomarkers and/or characterized as indispen-
sable regulators in both normal mammary, and breast cancer development, including 
cancer initiation, metastasis, and therapy resistance. These miRNAs hold the potential 
for development of novel miRNA therapeutics, including both antagomirs to inhibit 
oncomiRs and miRNA replacement therapy to restore levels of tumor suppressor-
like miRNAs.
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5        MicroRNAs and Esophageal Cancer 

 Esophageal cancer (EC) is one of the most common malignant tumors worldwide. 
EC is usually diagnosed at a locally advanced stage or at a stage with involvement 
of lymph nodes. The NIH estimates that 16,640 patients were newly diagnosed 
with esophageal cancer in 2010 and attributes 14,500 deaths to this disease 
(  http://www.cancer.gov/cancertopics/types/esophageal/    ). Two types of esophageal 
cancer are described: fi rst, esophageal adenocarcinoma (EAC), which usually 
develops in the lower part of the esophagus and arises from Barrett’s esophagus 
(BE); and second, esophageal squamous cell carcinoma (ESCC), which originates 
in the squamous epithelium of the esophagus and is related to tobacco consump-
tion. BE is characterized by the native stratifi ed squamous epithelium lining the 
esophagus being replaced by a columnar epithelium with intestinal differentiation 
(Barrett’s mucosa; BM). BM is considered as the main risk factor for esophageal 
adenocarcinoma (Barrett’s adenocarcinoma; BAc). 

 Current literature reveals miRNA expression profi les that differ between normal 
esophageal lining, BE, and EAC. Sequential up-regulation of miR-192, miR-194, 
miR-21 and miR-93 has been reported during progression of normal esophageal 
mucosa to BE and fi nally to EAC (Feber et al.  2008 ). With regard to disease 
progression, Feber’s group further reported that miR-99b, miR-199a-3p and miR- 
199a-5p levels were increased in patients with lymph node metastasis. These 
fi ndings were suggested to refl ect a miR signature that not only revealed extent of 
disease, but also predicted patient survival (Feber et al.  2011 ). Clinically, miR-30e, 
miR-200a levels correlate with EAC patient survival, and miR-30e expression 
refl ects a 2.5-fold increase in the risk of disease recurrence after surgery. Hu et al. 
( 2011 ) analyzed miRNA expression in 10 esophageal cancer cell lines and 158 
tissue specimens. Let-7g, miR-21 and miR-195p were expressed in all 10 cell lines 
whereas miR-16-2, miR-30e, miR-34a, miR-126 and miR-200a were expressed in 
some of the cells. The same study demonstrated an association between miR-16-2 
expression and lymph node invasion and provided evidence for a correlation 
between miR-126 expression and poor differentiation status. 

 Regarding ESCC, there are several miRNAs that have been consistently reported 
to be differentially expressed in this tumor vs. normal squamous tissue, with prog-
nostic associations such as miR-21 (invasion, positive nodes, decreased survival), 
miR- 143 (disease recurrence, invasion depth), and miR-375 (inversely correlated 
with advanced stage, distant metastasis, poor overall survival, and disease-free 
survival). There is also evidence that miR-375 regulates gene expression associated 
with resistance to chemotherapy. 

 Ni et al. ( 2013 ) demonstrated that the expression levels of miR-143 and miR-145 
were signifi cantly down-regulated in ESCC tissues in comparison with adjacent 
normal esophageal squamous tissues (NESTs). Enforced expression of miR-143 
induced apoptosis and reduced cells migration and invasion capabilities of ESCC 
cells. In another study by Liu et al. ( 2012 ) the expression levels of miR-143 and 
miR-145 were determined in 110 pairs of esophageal cancer tissues and adjacent 
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normal tissues using real-time reverse transcription PCR. The relative expression 
of miR-143 and miR-145 were statistically different between cancer tissues and 
matched controls. Simultaneous expression of miR-143 and miR-145 was signifi -
cantly associated with the risk for esophageal cancer by targeting Fascin Homolog 1 
(FSCN1) and take part in the modulation of metastases. 

 Kurashige et al. ( 2012 ) measured the miRNA-21 levels in serum samples from 
71 ESCC patients and 39 healthy controls by using real-time RT-PCR. They found 
that serum concentration of miRNA-21 in ESCC patients was signifi cantly higher 
than that in healthy controls (P < 0.001). A signifi cant reduction in the serum miR- 
21 levels was observed in the postoperative samples versus the preoperative samples 
(P = 0.003). Furthermore, miRNA-21 levels were signifi cantly reduced in ESCC 
patients who responded to chemotherapy (P = 0.003), whereas no signifi cant change 
was observed in the non-responders. Serum miRNA-21 is considered to be a novel 
biomarker for diagnosing ESCC, and it can also be used as a response marker during 
chemotherapy for ESCC patients. Kong et al. ( 2012 ) demonstrated that miR-375 
has a strong tumor suppressive effect in oesophageal squamous cell carcinoma 
through inhibiting the expression of IGF1R. The tumor suppressive role of miR-375 
in esophageal squamous cell carcinoma was confi rmed also by Li et al. ( 2011b ). 
They showed that miR-375 is down-regulated by hypermethylation of the promoter 
in esophageal cancer tissues. Epigenetic silencing of miR-375 induced an up-
regulation of its targets, 3-phosphoinositide-dependent protein kinase-1 (PDK1). 
Also, miR-375 expression was found to be inversely correlated with PDK1 expression 
in 40 human esophageal tumor samples.  

6     MicroRNAs and Bladder Cancer 

 Cancer of the urinary bladder is the second most common malignancy of the geni-
tourinary tract, currently accounting for up to 5 % of all newly diagnosed tumors in 
the western world (Volanis et al.  2010 ). Silencing of certain genes by abnormal 
methylation of their promoter region, alterations in tumor suppressor genes and 
proto-oncogenes with uncontrolled cell proliferation and reduced apoptosis, are 
molecular mechanisms that have been reported in bladder carcinogenesis. 

 In this regard, miRNAs seem to play an important role in bladder cancer deve-
lopment and progression. MiR-100 and miR-101, for example, have been reported 
to be down-regulated in human bladder cancer tissue versus normal adjacent tissue 
and enforced expression of these miRNAs may inhibit cell growth and colony 
formation of human bladder cancer cells  in vitro  (Noguchi et al.  2013 ). It was 
demonstrated that enforced expression of miR-100 and miR-101 decreases mTor 
and c-Met expression, inhibiting bladder cancer cell migration and invasion (Xu et al. 
 2013 ). Noguchi et al. ( 2013 ) recently reported that the expression levels of miR-143 
and -145 are down-regulated in bladder cancer cell lines. PI3K/Akt and MAPK sig-
naling pathways were synergistically repressed by the co-treatment miR-143 and 
-145. Interestingly, miR-143 targeted Akt and miR-145 targeted integrin-linked 
kinase (ilk) in T24 bladder cancer cells as assessed by a luciferase activity assays. 
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The study suggests the possible use of miR-143 and -145 for combination replace-
ment therapy in bladder cancer. MiRNAs, as for other tumors, seem to be involved 
also in the response of bladder cancer to chemotherapies. MiR-34a over-expres-
sion followed by cisplatin treatment results in a dramatic reduction in clonogenic 
potential and induction of senescence compared to treatment with cisplatin alone 
(Vinall et al.  2012 ). CDK6 and SIRT-1 were identifi ed as miR-34 targets. Of note, 27 
preneoadjuvant chemotherapy patient samples revealed that many of the patients 
who subsequently did not respond to treatment expressed lower levels of miR-34a. 

 Bo et al. ( 2011 ) found that the expression of miR-203 was decreased in bladder 
cancer tissues. Ectopic expression of miR-203 promoted the apoptosis of human 
bladder cancer cell lines and inhibited cell proliferation, whereas its depletion 
increased cell growth by targeting 3′-untranslated region of the bcl-w gene. Over- 
expression of miR-1280 had antiproliferative effects and impaired colony formation 
of bladder cancer cell lines by targeting ROCK1 (Majid et al.  2012 ). MiR-1280 
expression can distinguish between malignant and normal bladder cancer cases and 
patients with miR-1280 high expression had higher overall survival compared to 
those with low miR-1280 expression. MiRNAs could be used as prognostic tools 
in bladder cancer. Catto and colleagues ( 2009 ) examined the expression of 322 
miRNAs and their processing machinery in 78 normal and malignant urothelial 
samples using real-time PCR. They found that altered miRNA expression is common 
in urothelial carcinoma of the bladder (UCC) and occurs early in tumorogenesis. 
In normal urothelium from patients with UCC, 11 % of miRNAs had altered 
expression when compared with disease-free controls. MiRNA alterations occur in 
a tumor phenotype-specifi c manner and can predict disease progression. Wang 
group found substantial expression of cell-free miRNAs in the urine supernatant 
(Huang et al.  2013 ). The levels of miRNAs in the urinary supernatant of nine 
patients before and after surgery were compared. Notably, levels of miR-200a, miR-
200b, miR- 200c, miR-141, miR-429, miR-205, miR-192, and miR-146a increased 
signifi cantly after surgery, whereas the level of miR-155 remained similar. Because 
they did not investigate the alteration in miRNA expression from the tumors 
removed and compared that with the urinary fi ndings further studies are defi nitely 
needed to see whether urinary miRNA abnormalities correlate with that in the tumor 
itself. MiR- 221 is signifi cantly up-regulated in bladder cancer cells compared to 
human normal urothelial cells (Lu et al.  2010 ). MiRNA-221 silencing sensitized cells 
to apoptosis induced by TRAIL and resulted in an up-modulation of cyclin-dependent 
kinase inhibitor p27Kip1 whereas miR-21 induced doxorubicin resistance by 
targeting PTEN (Tao et al.  2011 ).  

7     MicroRNAs and Colorectal Cancers 

 During the last decade, it has become clear that aberrant miRNA expression has a 
functional role also in the initiation and progression of colorectal cancer (CRC). 
A great deal of studies to date confirmed that the expression of miRNAs is 
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reproducibly altered in CRC, and their expression patterns are associated with 
diagnosis, prognosis, and therapeutic outcome. CRC is responsible for 10 % of the 
worldwide cancer incidence and mortality (Siegel et al.  2011 ); thus, it represents a 
signifi cant health burden. Sporadic colon cancer progresses from a benign polyp to 
a malignant adenocarcinoma, whereas cells accumulate a series of well-documented 
genetic and epigenetic changes. Specifi c genetic changes have been found to be 
important in CRC. Vascular endothelial growth factor (VEGF) and epidermal growth 
factor (EGF) pathways have been shown to be critical for colon cancer progression. 
KRAS is an important oncogene in CRC and KRAS mutations are responsible for the 
failure to respond to EGFR inhibitors. 

 Evidence supports a role for miRNAs at every stage of CRC initiation, progression 
and development (Fig.  5.2 ). To date, more than 20 studies have examined miRNA 
expression patterns in CRC showing that the expression of miRNAs in CRC is dis-
tinctly different from non-tumor tissues (Luo et al.  2011 ). The fi rst evidence that 
miRNAs are involved in CRC comes from the study of Michael and collaborators 
( 2003 ). They identifi ed 28 miRNAs differentially expressed between colonic 
adenocarcinoma and normal mucosa. Particularly, two miRNAs, miR-143 and -145 
were reported to be down-regulated in CRC. Several gene transcripts encoding 
proteins involved in signal transduction and gene expression have been identifi ed 
as possible targets for repression by miR-143 and miR-145. These include RAF1 
kinase, G-protein g7, tumor suppressing subfragment candidate 1, N-RAs and IRS1, 
all of which have been implicated in oncogenesis (Shibata et al.  1999 ; Yin et al. 
 2013 ). Multiple studies have since validated these fi ndings and demonstrated 
that miR-143 and miR-145 indeed have tumor suppressive function in CRC 
(Akao et al.  2007b ,  2010 ). Both miR-143 and miR-145 can regulate cell growth and 
proliferation  in vitro , each by targeting different oncogenic protein-coding genes. 
MiR-143 functions to suppress cell growth and proliferation by directly repressing 
the translation of KRAS, DNMT3A and extracellular signal regulated kinase 5 
(ERK5) (Akao et al.  2007a ; Chen et al.  2009 ). MiR-145 has been reported to 
target also the oncogene c-Myc (Sachdeva et al.  2009 ), signal transducer and 

  Fig. 5.2     MicroRNAs in the progression of colorectal cancer . Different genes are involved in 
each step of the progression from normal mucosa to metastatic colorectal cancer. The post- 
transcriptional regulatory role of miRNAs in CRC made the picture more articulated with the 
addition of specifi c miRNAs that modulate selective targets at each step of this model       
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activator of transcription 1 (STAT1) (Gregersen et al.  2010 ) and seems to have a role 
in stem cell maintenance by targeting SOX2 and OCT4 (Xu et al.  2009 ).

   Inactivating mutations in the tumor suppressor gene Adenomatous Polyposis 
Coli (APC), a key component of the Wnt signaling pathway, cause formation of 
adenomas in the large intestine, which are precursors of CRC. Nagel et al. ( 2008 ) 
identifi ed the miR-135 gene family as a regulator of APC expression and showed its 
potential to activate the Wnt pathway in the absence of Wnt ligand. Using CRC cell 
lines, they showed direct and causal suppression of endogenous APC by miR-
135a/b. Furthermore, in a signifi cant number of colon tumors, they observed high 
levels of miR-135a&b that negatively correlated with APC expression. Another 
miRNA reported to be involved in CRC is miR-21, over-expressed in at least 18 
malignancies, indicating its pivotal role in most cancer types. In CRC, miR-21 has 
been showed to target phosphatase and tensin homolog (PTEN) (Xiong et al.  2013 ), 
ras homolog gene family member B (RhoB) (Liu et al.  2011 ), programmed cell 
death 4 (PDCD4) (Chang et al.  2011 ), although indirectly tissue inhibitor of metal-
loproteinase 3 (TIMP3) (Gabriely et al.  2008 ), human mutS homolog 2 (hMSH2) 
and 6 (hMSH6) (Valeri et al.  2010 ), cell division cycle 25 homolog A (CDC25A) 
(Wang et al.  2009b ), sprouty 2 (SPRY2) (Sayed et al.  2008 ). Several other miRNAs 
have been implicated in CRC. The expression of miR-182 was found up-regulated 
in colorectal cancer tissues compared with adjacent noncancerous tissues 
(p < 0.001), and its up-regulation was signifi cantly correlated with large tumor size 
(p = 0.016), positive regional lymph node metastasis (p = 0.008), and advanced 
tumor-node-metastasis stage (Liu et al.  2013 ). MiR-224 regulates the G1-S check-
point by targeting p21 (Olaru et al.  2013 ), miR-181a is over-expressed in CRC and 
is indicative of poor prognosis and represses the expression of the tumor suppressor 
PTEN at the mRNA level (Nishimura et al.  2012 ). Down-regulation of miR-144 is 
associated with colorectal cancer progression through the activation of mTOR 
signaling pathway (Iwaya et al.  2012 ), miR-125b down-regulation may facilitate 
tumor development by targeting Mcl-1 and Bclw (Gong et al.  2013 ). Also the 
expression of miR-155 is signifi cantly up-regulated in the CRC tissues and the 
high expression of miR-155 correlates with an advanced clinical stage, lymph node 
and distant metastases. Ectopic expression of miR-155 enhanced the migration 
and invasive ability of the SW480 cells and up-regulated claudin-1 expression 
(Zhang et al.  2013 ). 

 Many studies have shown that miRNAs can modulate the response of CRC cells 
to chemotherapeutic drugs. MiR-140 over-expression in CRC cells led to increased 
chemoresistance to methotrexate (MTX) and 5-FU, which in part, was due to the 
reduced cell proliferation by the inhibition of histone deacetylase 4 (HDAC4) 
and the accumulation of cancer stem cells population (Song et al.  2009 ). The knock-
down of miR-140 expression in CRC stem cells restored their chemosensitivity to 
5- FU, indicating that miRNAs and their inhibitors can be potential candidates for 
adjuvant therapy in addition to chemotherapy. MiR-222 has been found involved in 
multidrug resistance of CRC (Xu et al.  2012a ). ADAM-17 is a predicted target of 
miR-222, which was down-regulated in multidrug-resistant CRC cells. The pres-
ence of miR-222 was consistently inversely proportionate to the expression levels 
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of ADAM-17. Loss of miR-222 sensitizes CRC cells to Oxaliplatin (L-OHP), 
5-FU and vincristine (VCR). MiR-10b directly inhibits pro-apoptotic BIM, and the 
over- expression of miR-10b confers chemoresistance in colorectal cancer cells to 
5-FU (Nishida et al.  2012 ). MiR-22 over-expression enhanced the cytotoxic role 
of paclitaxel in p53-mutated HT-29 and HCT-15 cells, but not in p53 wild-type 
HCT-116 cell by up-regulating PTEN expression (Li et al.  2011a ).  

8     MicroRNAs and Prostate Cancer 

 Approximately, one in three men over the age of 50 years shows histologic evidence 
of prostate carcinoma (Siegel et al.  2011 ). However, only 10 % will be diagnosed 
with clinically signifi cant prostate carcinoma, implying that most these carcinoma 
never progress to become life threatening. Thus far, little is known about what 
makes some prostate carcinoma biologically aggressive and able to progress to 
metastatic and potentially lethal disease. MiRNA expression profi les of prostate 
tumors have revealed widespread dysregulation of miRNAs in primary prostate 
cancer compared with normal prostate tissue (Table  5.3 ).

   Some miRNAs were shown to function as tumor suppressors and their elevated 
levels are indicators of good prognosis. On the contrary, other miRNAs are promoters 
of carcinogenesis and their expression levels are elevated in advanced stage of some 
cancers, which clearly suggests that these miRNAs may offer attractive targets for 
therapy (Fig.  5.3 ).

   The miR-15a/16-1 cluster is located at chromosomal region 13q14, which is 
frequently deleted in 50 % of prostate cancers (Bonci et al.  2008 ). In a recent study, 
the expression of miR-15a, miR-16-1 in prostate cancer samples showed a consistent 
down regulation in around 80 % of cancer samples compared with that of normal 
samples (Shi et al.  2007 ). Inhibition of miR-15a and miR-16-1 activity causes 
hyperplasia of prostate in mice and increases  in vitro  cell proliferation and invasion 
(Bonci et al.  2008 ). However, increased expression of this cluster in prostate cancer 
cells provides inhibition of proliferation, induction of apoptotic pathways, and 
suppression of tumorigenesis both  in vitro  and  in vivo . MiR-15/16 cluster is 
usually down-modulated in the tumor sustaining stroma (Musumeci et al.  2011 ). 
Re-expression of miR-15 and miR-16 in cancer associated fi broblasts (CAFs) 
caused attenuation of the stromal support capability with a resulting decrease in 
cell proliferation and migration in primary and metastatic tumors. Both of these 
miRNAs work as tumor suppressors through the repression of multiple oncogenes 
including BCL2, MCL1, CCND1, and WNT3A, FGFR (Aqeilan et al.  2010 ). 
Another tumor suppressor miRNA that has been associated with prostate cancer is 
miR-488. Androgen receptor (AR) is a direct target of miR-488, as miR-488 has a 
binding site at the 3′UTR of AR gene where it binds and suppresses its expression 
(Sikand et al.  2010 ). It was shown that cells transfected with miR-488 results in 
reduced expression of AR in both androgen-dependent and androgen-independent 
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prostate cancer cells. In both the cell lines, treatment with miR-488 mimics was 
found to retard the growth of these cells, suggesting that an increase in the levels 
of endogenous miR-488 could have a great impact on designing novel treatment 
strategies for prostate cancer. 

 The miR-221 and miR-222 are both considered oncogenic miRNA and were 
found to be associated with the development and metastasis of prostate cancer 
(Galardi et al.  2007 ; Mercatelli et al.  2008 ). Both miRNAs have been earlier reported 
as up-regulated in several cancers and they are both considered as oncomiRs because 
of targeting important tumor suppressor genes such as p27, p57, PTEN, FOXO3a, 
APAF1, TRSP1, TIMP3 (Garofalo et al.  2012 ). The miR-221 and miR-222, tran-
scribed from a cluster on chromosome X, are both increased in prostate tumor cells 
and almost absent in androgen-dependent cell lines, as indicated by the relatively 
higher levels of miR-221/-222 in PC-3 cells compared with LNCaP cells (Galardi 
et al.  2007 ; Sun et al.  2009 ). Another role for miR-221/222 cluster is their involve-
ment in the development or maintenance of castration-resistant prostate cancer: the 
most common therapy for metastatic prostate cancer is androgen ablation but the 
tumors ultimately become independent of androgen and progress. Sun et al. ( 2009 ) 
found that miR-221 and miR-222 have increased levels of expression in androgen-
independent (or castration-resistant prostate cancer) cell lines, LNCaP- Abl, relative 
to androgen-dependent cell lines, LNCaP and LAPC-4. Over- expression of both 
miRNAs in LNCaP and LAPC-4 triggers androgen-independent growth and their 
inhibition converts LNCaP-Abl into androgen-dependent phenotype. A pathologic 
process that plays an important role in the carcinogenesis and hormone therapy 
failure of prostate cancers is the neuroendocrine differentiation (NE), which is 

  Fig. 5.3     MicroRNAs in prostate cancer . The most dysregulated miRNAs in prostate cancer 
compared to normal tissues are reported and associated to the relative target and biological pathway       
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associated with tumor progression and poor prognosis. Studies have shown that 
miR-221 is capable of inducing NE differentiation in LNCaP cells in an androgen 
deprived environment, which may lead to Androgen Independence (AI) (Zheng 
et al.  2012 ). It was revealed that miR-221 stimulates the growth of LNCaP and 
LNCaP-AI cells, and it is consistent with fi ndings that the ectopic introduction 
of miR-221 in low expressing LNCaP cells bolstered their growth potential by 
inducing a G1-S shift in cell cycle.  

9     MicroRNAs and Brain Cancer 

 Gliomas are the most common primary brain tumors (over 50 % of primary brain 
tumors) and arise from the neuroepithelial support cells of the Central Nervous 
System (CNS), the glial cells. World Health Organization classifi es gliomas by 
grades on the basis of their histological features: grade I (pilocytic astrocytoma), 
grade II (diffuse astrocytoma), grade III (anaplastic astro-cytoma), and grade IV 
(glioblastoma multiforme, GBM) (Louis et al.  2007 ). Glioblastoma multiforme is 
the most common and deadliest of all gliomas with approximately 10,000 new 
diagnosis every year in USA with a median survival of only 14 months despite 
aggressive surgery, radiation, and chemotherapies. 

 Microarray studies of glioma tissues have implicated a number of miRNAs 
involved in glioma formation and propagation. The majority of miRNAs are under-
expressed in proliferating glioma cells with the important exception of miR-10b, 
miR-21, and miR-221. MiR-21 is strongly elevated in glioma and glioblastoma 
tumor samples and glioma cell lines when compared to non-neoplastic control sam-
ples, and its up-regulation is particularly prominent in grade IV gliomas. In a group 
of four patients with primary grade II gliomas that spontaneously progressed to 
grade IV, miR-21 levels gradually increased suggesting that miR-21 could have a 
role in glioma progression (Chan et al.  2005 ; Ciafrè et al.  2005 ; Conti et al.  2009 ; 
Zhi et al.  2010 ). Suppression of miR-21 in glioblastoma cells with antisense oligo-
nucleotides decreased cell proliferation and it is associated with a marked increase 
in apoptosis and caspase activation (Chan et al.  2005 ). MiR-21 knockdown also 
leads to a considerable reduction of glioma volumes in mouse xenografts (Corsten 
et al.  2007 ). Between the targets of miR-21 that contribute to its tumor promoting 
and antiapoptotic activities in gliomas: PDCD4 mRNA is inversely correlates 
with miR-21 in a number of glioblastoma cell lines (T98G, A172, U87, and U251) 
and over- expression of miR-21 inhibits PDCD4-dependent apoptosis (Chen et al. 
 2008 ); RECK and TIMP3 repression both  in vitro  and  in vivo  leads to a reduction 
of glioma cell motility and invasion (Gabriely et al.  2008 ). MiR-21 represents also 
a promising target to improve the effi cacy of chemotherapy in gliomas. Recent data 
demonstrated that increased levels of miR-21 play a key role in promoting human 
glioblastoma cells resistance against the antitumoral agent temozolomide (TMZ) 
(Ito et al.  2009 ). Indeed, ectopic over-expression of miR-21 signifi cantly reduced 
TMZ-induced apoptosis in this cell line through a suppression of Bax/Bcl-2 ratio 
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and caspase-3 activity (Shi et al.  2010 ). Additionally, suppression of miR-21 in 
glioblastoma cell lines enhances sensitivity of cancer cells to antineoplastic cyto-
toxic therapy with neural precursor cells (NPC) expressing a secretable variant of 
the cytotoxic agent tumor necrosis factor related apoptosis inducing ligand 
(S-TRAIL) (Corsten et al.  2007 ). Finally, down-regulation of miR-21 contributes to 
the antitumor effects of IFN-β on glioma cell and intracranial tumor xenografts and 
the activation of the transcription factor STAT3 may have a key role in the IFN-β 
mediated suppression of miR-21 (Ito et al.  2009 ). Conti et al. found both miR-21 
and miR-221 up- regulated in glioma samples; however, they noted that whereas 
miR-21 was elevated in all gliomas, high levels of miR-221 were only found in 
high-grade gliomas (Conti et al.  2009 ). As well as for miR-21, knockdown of 
miR-221/222 through antisense oligonucleotides strongly reduced growth poten-
tial of glioma cells  in vitro  and  in vivo  (Zhang et al.  2009a ,  2010a ,  b ). Further 
evidence showed that knockdown of miR- 221/222 induced a change of mitochon-
drial membrane potential and caspase- mediated apoptosis on glioblastoma cells. 
Moreover, miR-221/222 directly down-regulate the proapoptotic protein PUMA 
(mediator of p53-associated apoptosis), which leads in turn to decrease Bcl-2 and 
increase BAX (key regulators of mitochondrial apoptotic pathway). These results 
highlight the oncogenic role of miR-221/222 on glioblastoma (Zhang et al.  2010a ). 

 MiRNAs have also been shown to function in gliomas as bona fi de tumor sup-
pressors. One example is represented by miR-128, a brain enriched miRNA, which 
is down-regulated in glioma cell lines and tissues when compared to normal brain 
samples (Zhang et al.  2009b ). Increasing levels of miR-128 expression led to a 
reduced expression of the oncogene Bmi-1 with a concomitant over- expression of 
p21CIP1 and a decrease in phosphorylated Akt. Bmi-1 is a critical factor of normal 
stem cell maintenance and glioblastoma self-renewal and, consistently with these 
observation, miR-128 over-expression in human glioma neurospheres blocked 
glioma self-renewal reducing neurosphere number and size. In conclusion, mir-128 
down-regulation is likely to enhance glioma tumorigenesis by promoting an undif-
ferentiated phenotype and self renewing state through Bmi-1 increased expression. 
Another confi rmed target of miR-128 is E2F3a, a transcription factor involved in 
cell cycle progression (Godlewski et al.  2008 ). Indeed, miR-128 and E2F3a levels are 
negatively correlated and miR-128 over-expression has similar inhibitory effects on 
proliferation of glioma cell lines as E2F3a knocking down. Ectopic over-expression 
of E2F3a partially reversed the effects of miR-128, suggesting that miR-128 
could exert its antitumor effects at least partially by inhibiting E2F3a expression 
(Cui et al.  2010 ). 

 Medulloblastoma (MB) is the most common malignant brain tumor in children 
with an incidence of approximately 2 per 100,000 (Siegel et al.  2011 ). It is an 
embryonal tumor of the cerebellum that originates from aberrant growth of cerebellar 
granule cell precursors, which, during development, reside in the external granule 
cell layer. About 70 % of cases occur before the age of 16 years and approximately 
one-third disseminate in the CSF and up to 5 % spread systemically. Medulloblastoma 
treatment most often involves a combination of surgery and radiation therapy. 
Chemotherapy is usually reserved for children younger than 3 years of age or for 
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recurrent tumors. Five-year survival rates for medulloblastoma have been estimated 
to range from 35 to 75 %. Therefore, there is an urgent need for a deep understanding 
of the molecular carcinogenesis of medulloblastoma, so that future effective and 
low-toxicity targeted therapies can be made available. 

 The fi rst report of the involvement of miRNAs in medulloblastoma showed that 
miR-124 modulates cell-cycle regulation in medulloblastoma cells (Pierson et al. 
 2008 ). They showed that miR-124 expression is signifi cantly decreased in medul-
loblastoma and that augmentation of miR-124 levels can slow tumor cell growth by 
targeting CDK6. Ferretti et al. ( 2009 ) profi led by using high-throughput screening 
the expression of miRNAs in 34 patients with medulloblastoma compared with 
normal adult and fetal cerebellar cells. They identifi ed 78 miRNAs with altered 
expression in medulloblastoma, and the majority of these miRNAs were down-
regulated in medulloblastoma compared to normal tissues, supporting a role for 
miRNAs as tumor suppressors. In particular, they detected an up-regulation of 
miR-21 and miR-17- 92 cluster (miR-17-5p, miR-20a and miR-19a) and a down-
regulation of miR- 128a/b, let-7, miR-124a, miR-103, miR-134, miR-138, miR-149, 
miR-181b, miR-9 and miR-125a, most of them previously reported to be dysregulated 
in other brain tumor cell lines or nervous system cancers. MiR-9 and miR-125a, 
both down- regulated in MB, are involved in cell proliferation and, when transfected 
into MB cells, promote apoptosis and impair anchorage-independent growth by 
down- regulating the truncated isoform of the neurotropin receptor TrkC (t-TrkC). 
T-TrkC expression levels are higher in MB, inversely correlate with miR-9 and 
miR-125a levels and are responsible of enhanced cell proliferation and worse 
prognosis. Additionally, the authors identifi ed specifi c miRNA expression patterns 
which distinguish medulloblastoma differing in histotypes (anaplastic, classic and 
desmoplastic), in molecular subtypes (ErbB2 or c-Myc over-expressing tumors) and 
disease-risk stratifi cation. For example, let7g, miR-19a, miR-106b, and miR-191 
were signifi cantly up-regulated in anaplastic compared with desmoplastic medul-
loblastomas; let7g and miR-106b were differentially expressed in desmoplastic 
compared with classic medulloblastomas; and miR19a was up-regulated in anaplastic 
compared with classic medulloblastomas. Members of the miR-17/92 cluster were 
also identifi ed by Uziel and coworkers ( 2009 ) as over-expressed in hedgehog- active 
medulloblastomas and was also associated with elevated c-Myc and n-Myc. 
Aberrant expression of miRNAs encoded by the miR-17/92 enhance the growth 
potential of medulloblastoma and that miRNA-mediated modulation of hedgehog 
signaling may be an important contributing factor to medulloblastoma pathogenesis.  

10     MicroRNAs and Pancreatic Cancer 

 With a mortality rate of nearly 100 %, pancreatic cancer is one of the most lethal 
malignancies (Siegel et al.  2011 ) and it is the fourth most prominent cause for 
cancer- related deaths in both men and women in the United States. An extremely 
aggressive tumor growth rate and a high incidence of metastasis are characteristics 
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of pancreatic cancer. At present, no curative therapies are available for patients 
with pancreatic cancer and the mainstay of treatment with the potential for cure is 
the complete, eradicative surgical resection of the primary carcinoma. However the 
5-years survival rate is 6 %. 

 A large number of microarray data have provided a long list of differentially 
expressed miRNAs in pancreatic cancer. Schmittgen’s team performed a hierarchical 
clustering of the 222 miRNA precursors on pancreatic adenocarcinoma samples, 
adjacent normal tissue, normal pancreas, chronic pancreatitis and several pancreatic 
cancer cell lines (Lee et al.  2007 ). They could evidence a signifi cant difference 
between tumors and chronic pancreatitis, normal pancreas, pancreatic cellular lines, 
and 11 of the 15 adjacent normal samples. One hundred miRNA precursors were 
aberrantly expressed in pancreatic cancer, including miRNAs previously reported as 
differentially expressed in other human cancers (miR-155, miR-21, miR-221 and 
miR-222), and others not previously associated with cancer (miR-376a and miR- 
301). Another study performed by Carlo Croce’s group compared the miRNA 
expression of 65 microdissected pancreatic adenocarcinomas, their adjacent non-
cancerous pancreatic tissues and a set of chronic pancreatitis specimens (Bloomston 
et al.  2007 ). Thirty miRNAs were up-regulated and three were down-regulated in 
pancreatic cancers compared with normal pancreatic tissue. 12 out of these 30 up- 
regulated miRNAs are hypoxamiRs (miRNAs associated with hypoxia), which is in 
line with the low oxygen levels of the pancreatic tumors. Chronic pancreatitis and 
normal pancreas showed similar expression patterns, whereas the miRNA signature 
of normal tissue and pancreatic cancer were clearly distinct. In chronic pancreatitis 
only two of the 22 dysregulated miRNAs are hypoxia responsive. The authors also 
used miRNA microarray patterns to explore a relationship between miRNA expression 
and survival. They compared miRNA expression in node-positive patients who 
survived over 2 years and in patients who died of the disease during the same period 
of time. Six miRNAs were identifi ed (miR-452, miR-105, miR-127, miR-518a-2, 
miR-187, and miR-30a-3p) whose expression differed in long-term survivors with 
node-positive disease. Two additional miRNAs related to survival were also identi-
fi ed, miR-196a-2 and miR-219. High expression of these miRNAs was found to 
predict poor survival. Surprisingly, these miRNAs that could discriminate between 
long- and short-term survivors were not among those specifi c to pancreatic cancer. 

 An important miRNA biomarker candidate for pancreatic cancer is represented 
by a signifi cant up-regulation of miR-21 in pancreatic cancers (Bloomston et al. 
 2007 ; Dillhoff et al.  2008 ) but its expression did not correlate with tumor size, 
differentiation, nodal status, or tumor stage. The over-expression of miR-21 was 
predictive of a poorer outcome compared to the absence or faint/focal miR-21 
expression in patients (Dillhoff et al.  2008 ). Therefore, in patients, over-expression 
of miR-21 indicates the limited survival and may be an important biological marker 
for prognosis. Profi ling of four miRNAs such as miR-21, miR-210, miR-155, and 
miR-196a in the plasma of pancreatic cancer patients revealed that elevated expres-
sion of miR-155 and miR-196a was observed with the parallel progression of 
disease (Wang et al.  2009a ). The assays for plasma levels analyses of these four 
miRNAs showed a sensitivity of 64 % and a specifi city of 89 %. The study indicated 
that development of plasma miRNA profi ling can be a sensitive and specifi c 
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blood- based biomarker assay for pancreatic cancer. Further, elevated levels of 
miR-155, miR-203, miR-210 and miR-222 expression in pancreatic tumors were 
signifi cantly associated with increased risk (6.2-fold) of death compared to patients 
with tumors having reduced expression of these miRNAs (Greither et al.  2010 ). The 
expression of let-7 is higher in normal acinar pancreatic cells but it is lost in poorly 
differentiated cancer cells (Torrisani et al.  2009 ). Enforced expression of the let-7 in 
pancreatic adenocarcinoma cell lines strongly inhibits the cell proliferation  in vitro  
and  in vivo , by repressing K-ras expression, and mitogen-activated protein kinase 
activation. Another study revealed that over-expression of miR-21 and -221 
enhanced the malignant phenotype of the pancreatic cancer cells (Park et al.  2009 ). 
An inhibition of these miRNAs using antisense oligonucleotides revealed decreased 
proliferation and increased apoptosis of a pancreatic cancer cell line compared to 
control oligonucleotides. Specifi cally, knockdown of miR-21 and -221 expression 
with their corresponding antisense oligonucleotides in HS766T cells results in cell 
cycle arrest (G1 phase) which is accompanied by an increased expression of PTEN, 
RECK, and p27 respectively. Treatment of pancreatic cancer cells with the antisense 
oligonucleotides–gemcitabine combinations was synergistic. Similarly, increased 
expression of miR-10a was reported in metastatic pancreatic adenocarcinoma and it 
promotes the metastatic potential of pancreatic tumor cells by suppressing the 
expression of HOXB1 and HOXB3 genes (Weiss et al.  2009 ). Further, the retinoic acid 
receptor (RAR) antagonists effectively repress miR-10a expression that results in 
inhibition of pancreatic cancer cell metastasis. Therefore, these studies provided early 
steps for miRNA replacement therapy for pancreatic cancer.  

11     Concluding Remarks 

 Discovery of the critical role of miRNAs in modulating gene expression has not 
only changed our concept of gene expression regulation, but has also offered a new 
opportunity for designing anticancer strategies and therapies. Profi ling of human 
tumors based on miRNA expression has identifi ed signatures associated with 
diagnosis, staging, progression, prognosis, and response to treatment. The more we 
understand about the etiological and biological nature of cancer, the better equipped 
we will be at designing effective preventive, diagnostic, and therapeutic tools to 
help reduce the burden of this disease. Practical issues that are being addressed 
include identifying effective therapeutic strategies, identifying the precise patient 
populations that may benefi t from adjuvant chemotherapy and intensive screening 
for disease recurrence. Given the signifi cant role of miRNAs in many aspects of 
cancer development such as proliferation, cell cycle control, invasion, EMT, and 
maintained tumor stem-cell phenotype, we remain hopeful that miRNA based thera-
peutics, diagnosis, and prognosis may emerge in the near future to benefi t patients.     
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    Abstract     Despite having been only formally recognized for just over 10 years, 
microRNAs (miRNAs) have become one of the trendiest topics in biology. It is now 
clear that dysfunctional expression of miRNAs is a characteristic of many, if not 
all, hematological malignancies. Many of the miRNAs aberrantly expressed in 
hematological malignancies also play a crucial regulatory role in normal hematopoietic 
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function. In this chapter we review the evidence for this assertion in particular 
focusing on the use of miRNAs as novel tools for biomarkers and therapeutic agents 
against hematological malignancies.  

  Keywords     Hematological malignancies   •   Leukemias   •   Lymphomas   •   MicroRNA   
•   Biomarker  

1         Introduction 

 MicroRNAs (miRNAs) are a recently discovered class of naturally occurring short 
non-coding (18–24 nt) RNA molecules that regulate eukaryotic gene expression 
post-transcriptionally. There are now nearly 2,000 human miRNAs that have been 
identifi ed through cloning and/or sequence analysis (  http://www.mirbase.org    ) (Griffi ths-
Jones et al.  2006 ), and it is believed some 60 % of all human genes are a target 
for miRNA regulation (Friedman et al.  2009 ). MiRNAs have been shown to play 
key regulatory roles in virtually every aspect of biology including developmental 
timing, cell differentiation, apoptosis, cell proliferation, metabolism organ development, 
and hematopoiesis (Kim  2005 ). The potential importance of miRNAs in cancer 
is implied by the fi nding that the majority of human miRNAs are located at 
cancer-associated genomic regions (Calin et al.  2004b ). The fi rst indication that 
dysregulation of miRNAs was associated with hematological malignancies came 
from the seminal publication by Calin et al in 2002 (Calin et al.  2002 ), that made 
the connection between 13q14, a frequently deleted locus in chronic lymphocytic 
leukemia (CLL), and down-regulation of the miR-15a/16 cluster that is encoded 
within this region. There is now overwhelming evidence that dysfunctional expression 
of miRNAs is a common, if not ubiquitous, hallmark of cancer in general including 
haematological malignancies (Lawrie  2008 ; Iorio and Croce  2009 ). 

 The reasons for aberrant expression of miRNAs in hematological malignancies 
(and other cancers) are numerous, and can include chromosomal aberrations, epi-
genetic deregulation, aberrant expression of transcription factors that regulate pro-
moter regions of miRNAs, and factors that change miRNA biosynthesis or function 
(Croce  2009 ; Babashah et al.  2012 ). Many of the miRNAs that are aberrantly 
expressed in hematological malignancies are also key regulators of hematopoiesis 
(Table  6.1 , Fig.  6.1 ), and in order to fully understand the role of these miRNAs in 
the pathogenesis of these cancers it is crucial that we fi rst understand their role 
under physiological conditions.

2         Role of MicroRNAs in Hematopoiesis 

 The process by which hematopoietic stem cells (HSC) maintain their pluripotency 
whilst at the same time responding to lineage determining signals to differentiate 
into the various hematopoietic lineages is a fi nely balanced process tightly 

C.H. Lawrie
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controlled by a complex network of extrinsic and intrinsic stimuli, signaling path-
ways, growth factors, cytokines, transcription factors and other molecular compo-
nents. MiRNAs have can target a great many of these factors and more generally 
can determine HSC fate, differentiation state and function, self-renewal ability, 
apoptosis levels as well as the balance of myeloid and lymphoid progenitor cells 
(Georgantas et al.  2007 ). 

 The general necessity of miRNAs in hematopoiesis has been demonstrated by 
multiple animal models. For example, deletion of Dicer in the thymus caused 
severe block in peripheral CD8 +  development and reduced numbers of CD4 +  cells 
which when stimulated underwent increased apoptosis and proliferated poorly 
(Cobb et al.  2005 ; Muljo et al.  2005 ). In contrast, when Dicer was deleted in HSCs 
this led to an increase in apoptosis and a reduction in hematopoietic ability (Guo 
et al.  2010 ). At the early progenitor stage, CD34 +  HSCs derived either from bone 
marrow or peripheral blood compartments were found to commonly express 33 
different miRNAs (Georgantas et al.  2007 ). Based on the predicted target genes for 
these miRNAs, as well as functional validation of 18 of these genes, it was pro-
posed that miR-17, miR-24, miR-146, miR-155, miR-128 and miR-181 prevent the 
differentiation of early stage progenitor cells, whilst miR-16, miR-103 and miR-
107 act later on, and miR-221, miR-222 and miR-223 control the terminal stages 
of hematopoietic development (Fig.  6.1 ). 

HSC

NK cell

CLP miR-150

miR-155
miR-181a
miR-17-92
miR-150

T-cellB-cell

miR-17
miR-155

miR-181a
miR-128a
miR-24a

miR-155
miR-181*
miR-223
miR-142
miR-150

miR-155
miR-181a
miR-17-92
miR-150

  Fig. 6.1     Role of miRNAs in lymphopoiesis . For more details, see the text.  HSC  hematopoietic 
stem cell,  CLP  common lymphoid progenitor       
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2.1     Myelopoiesis 

 During the development of hematopoiesis HSCs give rise to lymphoid and myeloid 
progenitor cells that differentiate into the mature cells of the blood system. It was 
fi rst noted in 2004 that miR-223 and miR-142 were specifi cally expressed in 
myeloid but not lymphoid cells (Chen et al.  2004 ). MiR-223 is expressed at low 
levels in CD34 +  and common myeloid progenitor (CMP) cells, increasing steadily 
in the granulocyte compartment, whilst expression is repressed in the monocyte 
lineage (Fazi et al.  2007 ). Myeloid transcription factors, PU.1 and CEBPA can acti-
vate miR-223 through direct binding to its promoter sequence while the erythroid 
transcription factor, GATA1 suppresses its expression (Fukao et al.  2007 ). 
Granulocytic differentiation regulation by miR-223 is mediated by inhibition of 
NFIA and CEBPA (Fazi et al.  2005 ), and miR-223 defi cient mice display increased 
neutrophil numbers through targeting of MEF2 (Johnnidis et al.  2008 ). Additionally, 
miR-223 is involved in the regulation of erythropoiesis via LMO2 targeting (Felli 
et al.  2009 ). CEBPA can also be targeted by miR-328, which stimulates myeloid 
differentiation by decoying hnRNP E2 (Eiring et al.  2010 ). Conversely, miR-124a 
suppresses the myeloid lineage by inhibiting CEBPA (Hackanson et al.  2008 ). 
Ectopic expression of miR-29a in mouse HSC/progenitors resulted in acquisition of 
self-renewal capacity by myeloid progenitors, and biased myeloid differentiation 
(Han et al.  2010 ). 

 MiR-125 is highly expressed in human myeloblasts and promyelocytes, myeloid 
progenitor cell line 32D (Gerrits et al.  2012 ), and bone marrow-derived monocytes 
in response to antigen stimulation (Monk et al.  2010 ), but down-regulated in neutrophils 
(Sun et al.  2011 ). When miR-125b was inhibited in murine HSCs, lower levels of 
myeloid cells resulted and this effect could be phenocopied by inhibiting LIN28A 
(Chaudhuri et al.  2012 ). 

 The role of miRNA expression in erythropoiesis fi rst came from a study of 
Choong et al who identifi ed changes associated with progressing erythroid matura-
tion in CD34 +  and K562 models (Choong et al.  2007 ). Afterwards many miRNA 
profi ling studies have carried out [reviewed in Lawrie ( 2010 )], however little con-
sensus has been reached, primarily due to the many differing models of erythropoi-
esis used between studies. Felli and colleagues identifi ed miR-221 and miR-222 as 
being highly expressed in CD34 +  cells but down-regulated in response to unilineage 
erythroid differentiation and targeting KIT (Felli et al.  2005 ). When miR-150 was 
expressed in CD34 +  cells cultured in the presence of thrombopoietin and Epo, an 
eight-fold increase of megakaryocytes was observed and transplanted bone marrow 
cells expressing miR-150 increased levels of megakaryocyte- colony forming units 
(CFUs) coupled with a decrease in erythroid-CFUs (Lu et al.  2008 ). 

 The miR-451/miR-144 cluster has been found to play a crucial role in erythro-
poiesis, with silencing of mir-451 in zebrafi sh causing a signifi cant decrease in 
levels of erythroid markers coupled with severe anemia (Dore et al.  2008 ). MiR-
451 is specifi cally expressed in erythrocytes and reticulocytes (Merkerova et al. 
 2008 ), and is the most highly expressed miRNA in mature erythrocytes, increasing 
>270-fold during erythroid-CFU culturing (Masaki et al.  2007 ). Expression of this 
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cluster is directly regulated by GATA1 binding (Dore et al.  2008 ). In turn, miR-451 
up- regulates levels of β-globin (HBB) (Zhan et al.  2007 ), and down-regulates 
GATA2 (Pase et al.  2009 ).  

2.2     Lymphopoiesis 

 The fi rst indication that miRNAs were important to lymphopoiesis came from 
Chen et al. in 2004 who showed that reconstitution of lethally irradiated mice with 
miR- 181 expressing HSCs led to a signifi cant increase in B-cells and cytotoxic 
CD8 +  T-cells (Chen et al.  2004 ). Subsequently, miR-181 has also been shown to 
regulate levels of CD69, BCL2 and TCRα in T cell development (Neilson et al.  2007 ), 
as well as being responsible for T-cell receptor sensitivity (Li et al.  2007 ). 

 MiR-155 deletion in mice caused them to become immunodefi cient, with B cells that 
produced reduced levels of immunoglobulins in response to antigen treatment, and T 
cells that produced decreased levels of IL2 and IFNG. Both of these effects were caused 
by PU.1 targeting (Rodriguez et al.  2007 ; Thai et al.  2007 ).  In vitro  activation of B 
cells or CD4 +  T cells, strongly up-regulates miR-155 expression, whilst miR-155 defi -
cient activated B cells express a third of normal levels of TNF and lymphotoxin, and 
T cell differentiation becomes biased towards the T h 2 phenotype (Vigorito et al.  2007 ). 

 Another important regulator of lymphocyte differentiation is the miR-17-92 cluster 
whose targeted deletion leads to a blockage in pro- to pre-B cell development via 
BIM targeting (Ventura et al.  2008 ). As well as BIM, members of this cluster also 
target PTEN, PP2A and AMP-activated kinase (PRKAA1), all of which play impor-
tant roles in immune cell development (Xiao et al.  2008 ; Ventura et al.  2008 ; Mu 
et al.  2009 ; Mavrakis et al.  2010 ). Similar to the miR-17-92 cluster, ectopic expression 
of miR-34a in HSCs inhibit the transition of pro- to pre-B cell by FOXP1 inhibition 
(Rao et al.  2010 ), as does miR-150 expression via MYB down- regulation (Zhou 
et al.  2007 ). miR-150 has also been shown to be down-regulated in response to 
T-cell stimulation by both T h 1 or T h 2 subsets (Monticelli et al.  2005 ), and linked 
to megakaryopoiesis, driving megakaryocyte-erythrocyte progenitor cells to differentiate 
into megakaryocytes instead of erythrocytes (Lu et al.  2008 ) (Fig.  6.1 ).   

3     MicroRNA Expression in Myeloid Malignancies 

 The general importance of miRNA dysregulation to the pathogenesis of myeloid 
disorders is suggested by the fact that more than 70 % of all human miRNAs are 
encoded within regions of recurrent copy-number alterations in myelodysplastic 
syndrome (MDS) and acute myeloid leukemia (AML) cell lines (Starczynowski 
et al.  2011 ). Several mouse models have been developed that suggest a direct link 
between miRNA deregulation and myeloid disorders. Mice with deleted Dicer1 in 
osteoprogenitor cells developed abnormal hematopoiesis, MDS and eventual AML 
(Raaijmakers et al.  2010 ). In another study, two miRNAs (miR-145 and miR-146a) 
encoded on 5q, a frequently deleted locus in myeloid disorders, were deleted in 
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murine HSCs. These mice developed mild neutropenia, megakaryocytic dysplasia 
and a subset progressed to a fatal myeloid malignancy (Starczynowski et al.  2010 ). 

 Many studies have demonstrated that miRNAs are abnormally expressed in 
myeloid malignancies compared to counterpart controls; most commonly in AML 
[reviewed by Marcucci et al. ( 2011 )], but also in MDS [reviewed by Rhyasen and 
Starczynowski ( 2012 )] and chronic myeloid leukemia (CML) (Agirre et al.  2008 , 
Babashah et al.  2013 ). 

 In AML, in particular, differences in miRNA expression between common cytoge-
netic subtypes have been widely documented including those harboring favorable- risk 
abnormalities such as t(8;21) (Jongen-Lavrencic et al.  2008 ; Li et al.  2008 ; Dixon-
McIver et al.  2008 ; Cammarata et al.  2010 ), inv(16), t(15;17) (Jongen- Lavrencic et al. 
 2008 , Li et al.  2008 , Dixon-McIver et al.  2008 ), and inv(16), and those with less 
favorable-risk subtypes such as t(11q23)/MLL (Jongen-Lavrencic et al.  2008 ; Li et al. 
 2008 ; Dixon-McIver et al.  2008 ; Garzon et al.  2008b ) and trisomy 8 cases (Garzon 
et al.  2008b ). Additionally, karyotype normal AML patients also have distinctive 
miRNA expression patterns associated with recurrent molecular abnormalities includ-
ing FLT3-ITD (Jongen-Lavrencic et al.  2008 ; Cammarata et al.  2010 ; Garzon et al. 
 2008a ,  b ) and MLL duplications, mutations in WT1, IDH1, IDH2, NPM1 (Jongen-
Lavrencic et al.  2008 ; Garzon et al.  2008a ) and CEPBA (Jongen-Lavrencic et al. 
 2008 ), as well as high expression of BAALC (Langer et al.  2008 ), ERG and MN1 
(Langer et al.  2009 ) genes. Microarray analyses of samples from 122 AML patients 
were used to defi ne signatures associated with cytogenetically favorable-risk groups 
(Garzon et al.  2008b ). Importantly, these fi ndings were tested in an independent 
cohort of 60 AML patients using qRT-PCR and levels of miR-191 and miR-199a were 
found to be independent predictors of prognosis by multivariate analysis. Recently, 
up-regulation of miR-181a has been linked with a better prognostic outcome for 
karyotype normal AML patients (n = 187) (Schwind et al.  2010 ). 

 In MDS, 12 miRNAs were identifi ed as being differentially expressed between 
high and low risk MDS patients (Erdogan et al.  2011 ). Another study found that 
high levels of miR-150 was associated with good cytogenetic-risk groups in MDS 
patients (n = 52) (Hussein et al.  2010 ). Up-regulation of the miR-17-92 cluster was 
found to be associated with chronic phase but not blast crisis CML patients 
(Venturini et al.  2007 ). A miRNA signature was described that could distinguish 
between CML patients that were responsive and those that were refractory to imatinib 
treatment (San Jose-Eneriz et al.  2009 ). miR-203, an epigenetically silenced miRNA 
in CML, can regulate BCL-ABL expression (Bueno et al.  2008 ), and miR- 138, 
down-regulated in CML tumor cells but restored in response to imatinib treatment, 
was recently shown to act as a tumor suppressor in CML cells thorough targeting of 
BCR-ABL expression (Xu et al.  2012 ). 

 It has been reported that the miRNA expression profi le of acute promyelocytic 
leukemia (APL) patients (and cell lines) treated with retinoic acid cause the up- 
regulation of several miRNAs including miR-223, miR-15a, miR-16, miR-342, 
miR-107 and let-7a (Garzon et al.  2007 ). Gauwerky et al. ( 1989 ) identifi ed multiple 
chromosomal aberrations in a patient with APL including a t(8;17) translocation 
that fused the promoter and 5′ region of miR-142 to a truncated MYC gene.  
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4     MicroRNA Expression in Lymphoid Malignancies 

4.1     Lymphoid Leukemias 

 The fi rst report of miRNA dysregulation in CLL, or indeed any cancer, came in 
2002 from the laboratory of Carlo Croce who made the observation that CLL 
patients that harbored a 13q14 deletion, also had lower levels of miR-15a and miR- 
16, miRNAs that are encoded at this locus (Calin et al.  2002 ). Subsequent research 
has demonstrated that down-regulation of these miRNAs results in a myriad of 
cellular responses mediated by targeting of BCL2, MCL1 and CDK6 (Cimmino 
et al.  2005 ). Additionally, a circuit between miR-15a/16-1, miR-34b/c, TP53 and 
ZAP-70 has been proposed to operate in CLL recently, as TP53 can induce expression 
these miRNAs, and in turn miR-15a/16-1 targets TP53, whilst ZAP-70 is inhibited 
by miR-34b/c (Fabbri et al.  2011 ). 

 The fi rst  in vivo  functional evidence that CLL was linked to miRNA dysregulation 
came from the New Zealand Black (NZB) mouse strain that has a propensity to 
develop a disease akin to human CLL, and consequently was the subject of a genome-
wide linkage program in order to identify disease-associated loci (Scaglione et al. 
 2007 ). A locus on chromosome 14 that was linked to lymphoproliferative disease in 
the mice was found to be synteneous with the human 13q14 locus, and to encode for 
the mir-15a/16-1 cluster. Moreover, levels of miR-16 were decreased in the lymphoid 
tissue of these mice. Sequencing of this region identifi ed a recurrent point mutation, 
present in the NZB strain but not other closely-related strains, in a fl anking region of 
the mir-15a/16-1 cluster that was very similar to a mutation previously identifi ed in 
two CLL patients with a familial history of CLL and breast cancer (Calin et al.  2005 ). 

 In order to better defi ne the role of the miR-15a/16-1 cluster  in vivo  mouse 
models have been created with deletions covering either the miR-15a/16-1 cluster 
alone, or also encompassing the adjacent DLEU2 gene (Klein et al.  2010 ). Both sets 
of homozygous mice developed a disease similar to human CLL, but those mice 
with the larger deletion had a more aggressive disease phenotype suggesting that 
components other than miR-15a/16-1 cluster contribute to CLL pathogenesis. 
Consistent with this idea, when the deletion was extended to include adjacent 
DLEU7 and RNASEH2B genes, mice developed an even more aggressive disease 
phenotype (Lia et al.  2012 ). Recently it has been shown that the miR-15a/16-1 cluster 
is also epigenetically silenced in 30–35 % of CLL samples, associated with an 
over- expression of HDAC1-3 perhaps suggesting that these patients could benefi t 
from HDAC-inhibitor based therapies (Sampath et al.  2012 ). 

 Many miRNA signatures have been linked to CLL diagnosis and prognosis. For 
example, a 13 miRNA signature was described that could distinguish between 
aggressive and indolent forms of CLL (Calin et al.  2004a ), and in another study a 32 
gene signature was able to discriminate between the most common CLL cytogenetic 
subgroups (Visone et al.  2009 ). More recently high miR-21 levels has been associated 
with poor prognosis in CLL patients harboring the 17p deletion (Rossi et al.  2010 ), 
and levels of miR-181b were inversely correlated with disease severity over time 
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leading to its proposal as a potential treatment biomarker for CLL progression 
(Visone et al.  2011 ). It has also been suggested that a miRNA signature can be used 
to predict those CLL patients that are refractory to Fludarabine treatment (Ferracin 
et al.  2010 ), and that these patients are characterized by low miR-34a levels even in 
the absence of p53 alterations (Zenz et al.  2009 ). 

 Similar to other leukemias, B-cell acute lymphoblastic leukemia (ALL) tumor 
cells have a distinct miRNA expression profi le from their healthy counterpart 
(CD33 + ) cells (Schotte et al.  2011 ). High levels of miR-128 are associated with 
ALL and can distinguish between AML and ALL with >98 % accuracy (Mi et al. 
 2007 ). Low levels of miR-16 were linked with better prognosis in pediatric ALL 
cases (Kaddar et al.  2009 ). Various cytogenetic subgroups of B-ALL including 
patients with 11q23/MLL, TEL-AML1, BCR-ABL and E2A-PBX1 translocations, 
and hyperdiploid patients also have distinct miRNA profi les. Let-7b for example, is 
down-regulated while the miR-17-92 cluster is over-expressed in B-ALL patients 
with MLL translocations (Schotte et al.  2011 ; Mi et al.  2010 ). Differentially 
expressed miRNAs have also been identifi ed between T-ALL leukemic cells and 
healthy thymocytes (Schotte et al.  2011 ), and mice over-expressing miR-19 (part of 
the miR-17-92 cluster) in concert with Notch1, developed T-ALL faster than those 
mice expressing Notch1 alone (Mavrakis et al.  2010 ).  

4.2     Lymphomas 

4.2.1     Diffuse Large B-Cell Lymphoma 

 Diffuse Large B-Cell Lymphoma (DLBCL) was one of the fi rst lymphomas to be 
linked with aberrant miRNA expression, with several reports observing 
over- expression of miR-155 in this malignancy (Kluiver et al.  2005 ; Lawrie et al. 
 2007 ; Eis et al.  2005 ). Forced over-expression of miR-155 in mice caused the 
development of a high grade B-cell lymphoma similar to DLBCL (Costinean et al. 
 2006 ); this oncogenicity was mediated by SHIP1 and C/EBPβ targeting (O’Connell 
et al.  2009 ; Pedersen et al.  2009 ; Yamanaka et al.  2009 ). When miR-155 was 
expressed using an inducible rather than a constitutive promoter again mice developed 
lymphoma, however when miR-155 expression was inhibited the tumor quickly 
receded and after 1 week remarkably mice had no detectable disease manifestations 
at all (Babar et al.  2012 ). Ectopic expression of miR-155 suppresses the  in vitro  
growth- inhibitory effects of TGF-β1 and BMP2/4 in DLBCL cells via SMAD5 
inhibition (Rai et al.  2010 ), and can regulate the phosphatidylinositol 3-kinase 
(PI3K)-AKT pathway via targeting of PIK3R1 in DLBCL (Huang et al.  2012 ). 
Furthermore, over-expression of this miRNA promotes TNFα-dependent growth of 
DLBCL cells  in vivo  in xenotransplant models (Pedersen et al.  2009 ). Interestingly 
it has recently been shown that SHIP1 is differentially expressed between the two 
molecular subtypes of DLBCL [activated B cell-like (ABC) and germinal center B 
cell-like (GC)] (Alizadeh et al.  2000 ), consistent with previous studies that identifi ed 
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differences in miR-155 expression levels between ABC- and GC-type DLBCL (Eis 
et al.  2005 ; Lawrie et al.  2007 ). Additionally, CD10 a marker of GC-type DLBCL 
(Hans et al.  2004 ), and constitutive expression of NF-κB, a hallmark of ABC-type 
DLBCL (Compagno et al.  2009 ), have been linked via the miR-155/PU.1 pathway 
(Thompson et al.  2011 ). When mice were inoculated with U2932, an ABC-type DLBCL 
cell line, treatment with exogenous miR-34a reduced tumor growth via targeting 
of Foxp1 (Craig et al.  2012 ), a molecule associated with ABC-type DLBCL 
(Choi et al.  2009 ), and also linked to high grade transformation of lymphoma via 
myc- mediated miR-34a repression (Craig et al.  2011a ). 

 MiR-34a is a well described tumor suppressor miRNA that is closely connected 
with the p53 network in solid tumors (He et al.  2007 ), and a positive feedback 
loop exists whereby p53 induces miR-34a expression and in turn miR-34a activates 
p53 through SIRT1 inhibition (Yamakuchi and Lowenstein  2009 ). 

 Over-expression of the miR-17-92 cluster in conjunction with MYC accelerates 
lymphoma development and increased tumor aggressiveness (He et al.  2005 ; Tagawa 
et al.  2007 ). This effect is believed to be the result of the MYC/miR-17-92/E2F circuit 
(O’Donnell et al.  2005 ). MYC up-regulates the miR-17-92 cluster which targets E2F1, 
whilst conversely pro-proliferative E2F3 regulates the miR-17-92 cluster (Woods et al. 
 2007 ). Recently, miR-19 was identifi ed as the key oncogenic component of the miR-
17-92 cluster and in the Eμ-myc model was shown activate the Akt-mTOR pathway 
via antagonizing PTEN leading to promotion of cell survival (Olive et al.  2009 ).  

4.2.2     Follicular Lymphoma 

 Despite being the most common form of indolent lymphoma, there are relatively few 
studies dedicated to miRNA expression in follicular lymphoma (FL). The expression 
levels of 153 miRNAs were measured in 46 FL samples compared to normal lymph 
nodes or DLBCL cases (Roehle et al.  2008 ). Our group looked at expression levels 
of 464 miRNAs in eighteen FL cases in comparison with 80 DLBCL cases and 
derived a 26-miRNA signature that could differentiate between FL cases and de novo 
cases of DLBCL (Lawrie et al.  2009 ). We also identifi ed six miRNAs (miR-223, 
miR-217, miR-222, miR-221, let-7i and let-7b) that could distinguish FL cases that 
underwent high grade histological transformation from those that did not. 

 The miR-17-92 cluster has recently been suggested to be a useful diagnostic 
differentiator between the potentially confounding diagnostic classifi cations of 
GC-DLBCL and grade 3 FL cases (Fassina et al.  2012 ). Other studies have compared 
FL with nodal marginal zone lymphoma (NMZL) (Arribas et al.  2012 ), and follicular 
hyperplasia patients (Wang et al.  2012 ). The latter study also identifi ed miRNAs 
associated with FL patients responsive to PACE chemotherapy, and demonstrated 
that p21 and SOCS2 were regulated by miR-20a/b and miR-194 in FL cell lines 
contributing to cell proliferation. 

 Although most FL cases harbor the t(14;18) translocation, others (~10 %) do not. 
Recently a study identifi ed 17 miRNAs that distinguished between t(14;18) positive 
and negative cases including miR-16, miR-26a, miR-101, miR-29c and miR-138 
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that were associated with increased expression of CHEK1 and decreased expression 
of TCL1 in t(14;18) negative cases suggesting a late GC-type phenotype for this 
form of FL (Leich et al.  2011 ).  

4.2.3     Mantle Cell Lymphoma 

 A number of miRNA signatures have now been described for mantle cell lymphoma 
(MCL) (Zhao et al.  2010 ; Di Lisio et al.  2010 ; Navarro et al.  2009a ; Iqbal et al. 
 2012 ). The loss of potential miRNA target sites for miR-15/16 and members of the 
miR-17-92 cluster in the 3′UTR of CCND1 have been suggested to contribute to the 
pathogenic over-expression of Cyclin D1 in MCL (Chen et al.  2008 ; Deshpande 
et al.  2009 ). Over-expression of members of the miR-17-92 cluster has been associated 
with high MYC levels in aggressive MCL (Navarro et al.  2009a ), and high prolifera-
tion gene signature (Iqbal et al.  2012 ), as well as activation of the PI3K/AKT pathway, 
and inhibition of chemotherapy-induced apoptosis in MCL cell lines (Chaudhuri 
et al.  2012 ). PHLPP2, an important regulator of the PI3K/Akt pathway, was also 
shown to be a target of the miR-17-92 cluster in addition to PTEN and BIM in MCL 
(Rao et al.  2012 ). Inhibition of miR-17-92 expression in an MCL xenotransplant 
model suppressed the PI3K/Akt pathway and resulted in decreased tumor growth. 
Also down-regulation of miR-29 was shown to activate CDK4/CDK6, and serve as 
a potential prognostic marker for this malignancy (Zhao et al.  2010 ).  

4.2.4     Burkitt Lymphoma 

 The importance of miRNAs to the pathogenesis of Burkitt lymphoma (BL) is 
suggested by the fact that mice carrying a mutation in the 3′-UTR binding sequence 
for miR-155 in the activation-induced cytidine deaminase (AID) gene have increased 
levels of MYC-IgH (t(8;14)) translocations; the characteristic genetic hallmark of BL 
(Dorsett et al.  2008 ). MYC regulates and is itself regulated by a large set of miRNAs, 
leading to a complex regulatory loop that can contribute to lymphomagenesis (Gao 
et al.  2009 ; Chang et al.  2008 ; Bueno et al.  2011 ). It has even been suggested that 
MYC over-expression in BL cases that lack the classical t(8;14) translocation could 
be the result of miRNA deregulation (Leucci et al.  2008 ). In addition to a functional 
role, miRNAs may also be useful for a more accurate classifi cation of the group of 
B-cell lymphomas with intermediate features between DLBCL and BL (Leucci et al. 
 2008 ). It has also recently been shown that the different epidemiologic subtypes of BL 
share a homogenous miRNA profi le distinct from that of DLBCL (Lenze et al.  2011 ). 
It has been reported that miR-155 is not over- expressed in adult BL cases (Kluiver 
et al.  2005 ,  2006 ; van den Berg et al.  2003 ), but is in paediatric cases of BL (Metzler 
et al.  2004 ). Over-expression of miR-155, in Burkitt lymphoma and post-transplantation 
lymphoproliferative disorder (PTLD) at least, was proposed to be associated with 
EBV latency type-III infections (Jiang et al.  2006 ; Kluiver et al.  2006 ).  
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4.2.5    Hodgkin Lymphoma 

 A number of functional experiments have demonstrated the potential involvement of 
miRNAs to the pathogenesis of Hodgkin lymphoma (HL). A ribonucleoprotein 
chromatin immunoprecipitation (RIP-ChIP) approach was used to identify the target 
genes of aberrantly expressed miRNAs in HL cell lines, and identifi ed an over- 
representation of genes associated with cell proliferation, apoptosis and the p53 
pathway (Tan et al.  2009 ). In a more focused example, it was demonstrated that 
JAK2 is directly targeted by miR-135a, and that over-expression of this miRNA in 
HL cell lines increases apoptotic levels and decreases cell growth via Bcl-xL inhibition 
(Navarro et al.  2009b ). Furthermore, patients with low miR-135a levels were found 
to have signifi cantly poorer prognostic outcome. Inhibition of let-7 and miR-9 in HL 
cell lines resulted in reduced levels of PRDM1/BLIMP1 preventing plasma cell 
differentiation (Nie et al.  2008 ). miR-9 was also shown to target Dicer and HuR in 
HL, and inhibition of this miRNA led to a decrease in cytokine production and an 
impaired ability to attract infl ammatory cells (Leucci et al.  2012 ). Ectopic administration 
of a miR-9 antagomir led to decreased tumor growth in a xenotransplant model.  

4.2.6    Other B-Cell Lymphomas 

 A number of studies have recently investigated the role of miRNAs in mucosa- 
associated lymphoid tissue (MALT) lymphoma. For example, a 27-miRNA signature 
was able to distinguish gastric DLBCL from MALT lymphoma (Craig et al.  2011a ), 
and the same researchers also proposed that transformation from gastritis to MALT 
lymphoma is epigenetically regulated by methylation of miR-203, consequently 
suggesting ABL1 as a potential target for treatment of this malignancy (Craig et al. 
 2011b ). In another study a set of fi ve miRNAs (miR-150, miR-550, miR-124a, miR-
518b and miR-539) were identifi ed as being differentially expressed in gastritis as 
opposed to MALT lymphoma (Thorns et al.  2012 ), and fi nally high miR-223 levels 
were found to correlate with increased E2A expression in gastric MALT lymphoma 
(Liu et al.  2010 ). Recently a miRNA signature of splenic marginal zone lymphoma 
(SMZL) cases was reported (Bouteloup et al.  2012 ).  

4.2.7    T-Cell Lymphomas 

 Compared with B-cell lymphomas, relatively little is known of the role of miRNAs 
in T-cell lymphoma. Our group provided the fi rst evidence for a functional role of 
miRNAs in T-cell lymphomas in a study that identifi ed >100 aberrantly expressed 
miRNAs in the cutaneous T-cell lymphoma (CTCL), Sézary syndrome (SzS) 
(Ballabio et al.  2010 ). We identifi ed miR-223 as a potential diagnostic marker 
(>85 % accuracy) by qRT-PCR for SzS, in both the training cohort and a separate 
validation cohort that contained patients with a confounding diagnosis [i.e. non-
erythrodermic mycosis fungoides (MF)]. We also demonstrated a potential role for 
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miR-342 in the pathogenesis of SzS through its targeting of RANKL which was 
associated with the protection of SzS cells from apoptosis. The identity of several of 
these aberrantly expressed miRNAs has now been validated in other independent 
studies (Narducci et al.  2011 ; Qin et al.  2012 ). Our group have also more recently 
carried out profi ling studies on tumor stage MF (van Kester et al.  2011 ), and cutane-
ous anaplastic large cell lymphoma (cALCL) (Benner et al.  2012 ). Subsequently a 
qRT-PCR based classifi er (miR-155, miR-203 and miR-205) has been proposed that 
can distinguish between the various forms of cutaneous T-cell lymphomas and 
related benign disorders (Ralfkiaer et al.  2011 ). Importantly both training (n = 90) 
and blinded test (n = 58) sets were used in this study. Besides its role in B-cell 
development, miR-150 also regulates natural killer (NK) cells via Myb targeting, 
(Bezman et al.  2011 ) as well as other T-cell subsets via NOTCH3 inhibition (Ghisi 
et al.  2011 ). Transduction of miR-150 into NK/T cell lymphoma cells increased 
apoptotic levels and decreased cell proliferation, effects mediated via targeting of 
DKC1 and AKT2, leading to a decrease in levels of BIM, p53 and phosphorylated 
AKT levels. Additionally, over-expression of miR-21 and miR-155, has been 
demonstrated to activate the PI3K-Akt pathway in NK/T-cell lymphomas (Yamanaka 
et al.  2009 ), and over-expression of miR-122 in CTCL induced AKT phosphorylation 
coupled with a decreased sensitivity to chemotherapy-induced apoptosis as well as 
inhibition of p53 (Manfe et al.  2012 ). Additionally miRNAs have been found to be 
encoded in the avian T cell lymphoma-causing virus, Marek’s disease virus (MDV) 
(Yao et al.  2007 ; Burnside et al.  2006 ).    

5     Summary and Future Directions 

 The miRNA fi eld continues to grow at a phenomenal rate and new biological roles 
for miRNAs are constantly being uncovered. Whilst great effort has been put into 
identifying and cataloguing aberrantly expressed miRNAs in disease, very little is 
known about the functional consequences of this dysregulation, and understanding 
the biological function of identifi ed miRNAs is perhaps the biggest challenge facing 
the miRNA fi eld at the moment. The primary reason for this is a lack of knowledge 
about which genes are actually targeted by individual miRNAs and which of these 
genes are functionally important in specifi c cellular settings. With very few functionally 
annotated exceptions, current approaches to this problem primarily rely upon the 
use of the many predictive computational algorithms available. However, these 
algorithms typically predict hundreds or even thousands of target genes for each 
miRNA and in reality perform very poorly. When the most widely used algorithms 
were tested against experimentally validated miRNA-target gene interactions, 
sensitivity ranged from just 1.3 to 48.8 % (Sethupathy et al.  2006 ). Additionally, the 
degree of overlap between predictions (three algorithms) was found to range from 
3.6 to 28.6 % and surprisingly no commonly predicted genes were identifi ed at all 
when the fi ve most-commonly used algorithms were compared. Importantly, this 
study showed that even when all fi ve algorithms were used in union only 72 % of 

C.H. Lawrie



143

experimentally validated miRNA-target gene interactions were predicted. For 
example, KRAS and HRAS targeting by let-7 (Johnson et al.  2005 ), or E2F2 and 
MYC targeting by miR-24 (Lal et al.  2009 ) are not predicted targets of these algorithms. 
To compound matters further the function of a particular miRNA is dependent upon 
cellular context. Indeed, the same miRNA can act as both tumor suppressor and 
oncogene depending upon the cell type. For example, miR-222 is over-expressed in 
hepatocarcinoma where it targets tumor suppressor PTEN (Garofalo et al.  2009 ), 
but is down-regulated in erythroblastic leukemias where it targets the KIT oncogene 
(Felli et al.  2005 ). Consequently much effort has been expended to resolve this 
issue including techniques to directly measure the miRNA:target gene interface, the 
so-called ‘targetome’, in cells under physiologically relevant conditions. Particularly 
promising is the ‘PAR-CLIP’ technique (Hafner et al.  2010 ), that has now been used 
by several groups to elucidate the targetomes of multiple cellular systems (Skalsky 
et al.  2012 ; Lebedeva et al.  2011 ; Gottwein et al.  2011 ), however it has not yet been 
extensively applied to hematology. 

 MiRNAs show perhaps their greatest and certainly most immediate clinical 
potential, as novel biomarkers. MiRNA expression profi ling can distinguish cancers 
according to diagnosis and developmental stage of the tumor to a greater degree of 
accuracy than traditional gene expression analysis, even discriminating between 
cancers that are poorly separated histologically (Lu et al.  2005 ). An especially 
useful characteristic of miRNAs is their remarkable stability which means that they 
can be robustly measured from routinely prepared formalin-fi xed paraffi n embedded 
(FFPE) biopsy material (Lawrie et al.  2007 ). A further manifestation of their stability 
is their presence in extracellular biological fl uids including blood (Lawrie et al.  2008 ). 
We demonstrated for the fi rst time that miRNAs were present in the blood (serum/
plasma) of lymphoma patients at differential levels from healthy controls (Lawrie 
et al.  2008 ). The speed of miRNA biomarker discovery has been quite astonishing 
with over 5,000 publications in the last 5 years. However, it should be noted that the 
reliability of much of this data remains contentious and should be treated with some 
caution as the degree of discordancy between seemingly identical studies is worri-
some, and in reality very few of the biomarkers studies published will ever make it 
into clinical practice. These discrepancies are probably due to the use of different 
control populations (unsorted cell types, populations sorted in a differing 
manner etc.), as well as technical variability (e.g. differing array platforms, statistical 
analyses and varying cytogenetic/molecular profi ling techniques) between studies. 
Consequently there is a clear need for a standardized approach to be taken in future 
miRNA biomarker studies in order to rationalize these confounding factors. In 
particular, a systematic approach should be taken in a similar fashion to that achieved 
for other ‘omic disciplines’ (i.e. transcriptomics and genomics). 

 Perhaps the most promising clinical aspect of miRNAs is their potential as novel 
therapeutic molecules, either as a tool to modulate target genes associated with 
disease or by correcting dysfunctional expression of the miRNAs themselves (Babashah 
and Soleimani  2011 ). The former approach is particularly attractive in that a single 
agent (i.e. a miRNA) can be used against multiple targets in a disease pathway or 
even against the whole pathway (Bui and Mendell  2010 ). There are two major strategies 
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to therapeutically modulate dysregulated miRNAs in disease; using miRNA mimics 
to restore physiological levels of miRNAs that are down-regulated (e.g. tumor 
suppressor miRNAs such as let-7 or miR-34), or the use of miRNA inhibitors 
targeted against over-expressed miRNAs (e.g. oncomiRs such as miR-21 or miR-155). 
In addition, indirect methods such as the use of epigenetic drugs like DNA-demethylating 
agents and histone deacetylase inhibitors may be of potential therapeutic use in 
re-expressing epigenetically silenced miRNAs (Agirre et al.  2009 ). 

 There is now a wealth of  in vivo  animal experiments that have established the 
proof-of-principle for the therapeutic effi cacy of miRNAs in disease, however at pres-
ent all but a couple of these studies are still at the pre-clinical stage. The major hurdles 
still to be resolved include the effective targeting of therapy (e.g. tissue- specifi c deliv-
ery, dosage and pharmacodynamics) and safety concerns (e.g. off- target effects, RNA-
mediated immunostimulation and the use of viral vectors). That said, this is an area 
very much still in its infancy that is almost certain to fl ourish in the near future, and 
promises to add to the current arsenal of therapies available to the hematologist in 
their continual fi ght against disease. Whatever happens, the future for miRNAs in 
hematology is very promising, and we should remember that we are only at the very 
beginning of our understanding of non-coding (nc) RNA and that in reality miRNAs 
represent the tip of the ncRNA ‘iceberg’. Indeed, although ~75 % of the human 
genome is transcribed (Djebali et al.  2012 ), the protein- encoding portion of the 
genome only accounts for 1.5 % (Alexander et al.  2010 ), whilst miRNAs represent 
another 1.8 % (Djebali et al.  2012 ). There is now emerging evidence that ncRNA spe-
cies other than miRNAs are essential for both physiological function and develop-
ment, as well as playing a fundamental role in disease (Mercer et al.  2009 ; Esteller 
 2011 ). Although relative to miRNAs, the study of other ncRNA molecules is very 
limited, many classes of ncRNAs are now recognized including short ncRNAs such as 
miRNAs, piRNAs and tiRNAs; mid-size ncRNAs such as snoRNAs, PASRs, TSSa-
RNAs and PROMPTs; and long ncRNAs (lncRNAs) (Harries  2012 ; Esteller  2011 ). In 
particular, lncRNAs have been found to be more cell-type and tissue-type specifi c 
than protein coding genes and miRNAs (Cabili et al.  2011 ). It therefore seems highly 
likely that these molecules will become the next frontier of ncRNA discovery.     
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    Abstract     MicroRNAs (miRNAs) are small, non-coding RNAs that regulate mRNA 
expression by post-transcriptional mechanism in eukaryotic cells. Some viruses 
also encode primary transcripts containing miRNA-like structures, and such 
 transcripts are subjected to host miRNA processing pathway to generate viral 
 miRNAs. Viral miRNAs derived from oncogenic viruses are often associated with 
tumor progression. Moreover, infections with oncogenic viruses alter the expression 
of host miRNAs, increasing the risk of tumor progression and viral escape from the 
host immune mechanism. In this chapter, we discuss the roles of virally-regulated 
cellular miRNAs in the respective viral life-cycles and in virus-related tumors.  

  Keywords     microRNA   •   Oncogenic viruses   •   Tumorigenesis   •   Immune system  

1         Introduction 

1.1     Discovery of Viral miRNAs 

 MicroRNAs (miRNAs) are 18–25 nucleotides (nt) non-coding small RNAs derived 
from double-stranded RNAs, and play an important role in eukaryotic cells by post- 
transcriptional repression of mRNAs. It has been shown that some viruses encode 
primary transcripts containing miRNA-like structures. In 2004, Pfeffer et al. ( 2004 ) 
reported that Epstein-Barr virus (EBV) strain B95-8 encodes 5 viral pre-miRNA- like 
structures, and that viral miRNAs were detected in infected cells. Moreover, Cai et al. 
( 2006 ) reported that wild-type EBV encodes 13 more pre-miRNAs than EBV B95-8 
strain as the 12 kb region that is deleted in EBV B95-8 strain is rich in pre-miRNA 
genes. The expression of viral miRNAs are very common in cells that are infected 
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with other Herpesviruses (Pfeffer et al.  2005 ) (  http://www.mirbase.org    ) including 
Kaposi’s sarcoma-associated herpesvirus (KSHV), human cytomegalovirus, herpes 
simplex viruses (HSVs), and also observed in simian virus 40-infected cells. It is 
speculated that viral miRNAs may suppress viral transcripts or host- specifi c genes. 
However, the pathophysiological role of viral miRNAs is not clearly understood.  

1.2     Viral Infection and miRNAs 

 Oncogenic viral infections induce the expression of several miRNAs that are 
 associated with cancer progression. Virally induced miRNAs play the role of onco-
genes when they target tumor suppressor genes. Moreover, when viral infections 
involve regulation of oncogenes, they repress some host miRNAs with tumor 
 suppressive functions. Some herpesviruses such as EBV and KSHV encode 
 pri-miRNA-like structures that are tolerated as self-entities by the host machinery. 
Virally derived- factors repress host miRNA cascade and are called “RNA-silencing 
suppressors” (RSSs) (de Vries and Berkhout  2008 ). RSSs were originally identifi ed 
in plant viruses and oncogenic viruses origin interact with miRNA pathway (de 
Vries and Berkhout  2008 ).   

2     MicroRNAs in Epstein-Barr Virus; Expression, 
Regulation and Function Epstein-Barr Virus 

2.1     EBV Encoded miRNAs 

 EBV is a ubiquitous human herpesvirus that establishes life-long latent infection in 
human B lymphocytes and pharyngeal epithelial cells (kieff  2007 ). EBV has quite 
a large genome (~170 kb) and encodes >70 open reading frames. While many of 
the virally encoded proteins are immunogenic in the human body, miRNAs can 
affect gene expression in the host without stimulating an immune response. 
Therefore, encoding miRNAs work to the advantage of the virus. EBV miRNAs 
were the fi rst virally encoded miRNAs to be identifi ed (Pfeffer et al.  2004 ). A Burkitt’s 
lymphoma cell line harboring EBV B95-8 strain, a laboratory strain with 12 kb 
deletion in its genome, (Baer et al.  1984 ) was used as a source of RNA. Five 
 miRNAs were identifi ed in the study. Later studies revealed that there are far more 
miRNAs in the wild-type EBV, and the region deleted in the EBV B95-8 strain is 
rich in pre-miRNA genes (Lo et al.  2012 ) (Fig.  7.1 ). Currently, 44 mature miRNAs 
that are encoded at two different loci in the EBV genome have been identifi ed: 4 
mature miRNAs encoded at the BHRF1 locus and 40 mature miRNAs encoded at 
the BART locus (Pfeffer et al.  2004 ; Cai et al.  2006 ; Grundhoff et al.  2006 ; Zhu 
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et al.  2009 ) (Fig.  7.1 ). The presence of such a high number of miRNAs in EBV 
indicates the evolutionary selection of these miRNAs. A complete listing of EBV 
miRNAs (ebv-miR-BHRF1 and ebv-miR-BART) with both mature and precursor 
sequences can be found at   www.mirbase.org    . EBV miRNAs have no notable 
sequence similarity with known host (human) cell miRNAs, and no orthologous 
miRNAs are identifi ed in other human Herpesviruses (Pfeffer et al.  2005 ). In com-
parison with Rhesus lymphocryptovirus, it is apparent that many of EBV miRNAs 
are evolutionarily conserved (Cai et al.  2006 ).

   The expression levels of EBV miRNAs in various EBV-infected cells have been 
examined using various strategies, including the stem-loop PCR method (Amoroso 
et al.  2011 ; Chen et al.  2005 ; Cosmopoulos et al.  2009 ; Pratt et al.  2009 ) and direct 
sequencing of small RNA libraries, either through traditional or high-throughput 
sequencing method (Lung et al.  2009 ; Zhu et al.  2009 ; Chen et al.  2010 ). The results 
revealed that EBV miRNAs are expressed at markedly different levels among cell 
lines (Pratt et al.  2009 ). Four miRNAs encoded within the BHRF1 locus (hereafter 
referred to as miR-BHRFs) are highly expressed in cells with latency type III (Xia 
et al.  2008 ; Cai et al.  2006 ) [expressing all EBNAs (EBNA1, 2, 3A-C), LMP1, 
LMP2A, EBERs, and BARTs (BamHI A Rightward Transcripts)]. The miR-BHRFs 
are also highly expressed in primary EBV-associated AIDS-related diffuse large 
B-cell lymphomas (DLBCL) (Xia et al.  2008 ), but they are undetectable in B cells 
or epithelial cells with latency type I (expressing EBNA1, EBER, and BARTs) or 
latency type II (expressing EBNA1, LMP1 and LMP2A, EBER, and BARTs). On 
the other hand, miR-BART miRNAs (miR-BARTs) are expressed not only in B 
cells with type III latency, but also in epithelial cells with latency type I or type II 
(Cai et al.  2006 ). The miR-BARTs are of particular interest as they are highly 
expressed in nasopharyngeal carcinomas (Zhu et al.  2009 ; Cosmopoulos et al. 
 2009 ), gastric carcinoma cells (Kim do et al.  2007 ), and NK/T lymphomas-derived 
cell lines (Ramakrishnan et al.  2011 ). Therefore, it is likely that miR-BARTs some-
how contribute to the tumorigenesis (Lo et al.  2012 ; Marquitz and Raab-Traub 
 2012 ; Raab-Traub  2012 ). Transcripts now referred to as BARTs originally identifi ed 
from nasopharyngeal carcinoma cells (Hitt et al.  1989 ), have remained enigmatic 
for many years. However, it is now clear that BARTs most likely serve as primary 
transcripts that are processed to generate miR-BARTs. Interestingly, the currently 
identifi ed all miR-BARTs are encoded in the introns of the transcripts of BART, and 
are subject to highly complicated splicing (Edwards et al.  2008 ).  

EBERs EBNA-LP ebv-miR-BHRF1
EBNA2

EBNA3s EBNA1 ebv-miR-BART LMP2A

LMP1

BARTs

12 kb region deleted in
B95-8 strain EBV

EBV genome (175 kb)

  Fig. 7.1    Schematic illustration of EBV genome. The positions of EBV miRNA genes are  indicated 
together with those of EBV latent genes, including BARTs. The 12-kb region missing in the EBV 
B95-8 strain is also indicated       
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2.2     Pathophysiological Roles of EBV Encoded miRNAs 

 Viral miRNAs can either target other EBV transcripts or cellular transcripts. 
The viral and cellular targets of EBV miRNAs so far identifi ed are listed in 
Table  7.1 . MiR-BART2-5p, which is located directly antisense to the 3′-UTR of 
BALF5 (a viral polymerase) can down-regulate the expression of BLAF5, 
 inhibiting the transition from latent to lytic viral replication (Barth et al.  2008 ). 
Several miR-BARTs suppress the expression of viral oncoproteins LMP1 (Riley 
et al.  2012 ; Lo et al.  2007 ; Ramakrishnan et al.  2011 ) and LMP2A (Lung et al. 
 2009 ). Cellular targets of EBV miRNAs so far identifi ed include proapoptotic 
proteins Bim (Marquitz et al.  2011 ) and BBC3/PUMA (Choy et al.  2008 ), a 
Dicer (Iizasa et al.  2010 ), an interferon- inducible T-cell-attracting chemokine 
CXCL-11/I-TAC (Xia et al.  2008 ), IPO7, and CASP3 (Vereide et al.  2013 ). 
Genome-wide searches for the targets of EBV miRNAs (miRNA targetome) 
have been conducted using either human Burkitt’s lymphoma cell lines (Dolken 
et al.  2010 ), primary effusion lymphoma cell lines (co-infected with EBV and 
KSHV) (Gottwein et al.  2011 ), or EBV-transformed lymphoblastoid cell lines 
(Skalsky et al.  2012 ; Riley et al.  2012 ).

   It is now technically feasible to utilize recombinant viruses, having miRNA 
genes either deleted or restored in the EBV genome, to clarify the biological signifi -
cance of viral miRNAs. It was shown, by two independent studies, that disruption 
of genes encoding miR-BHRF1 results in slightly attenuated outgrowth of infected 
primary B cells (Feederle et al.  2011 ; Seto et al.  2010 ). The EBV B95-8 strain lacks 
17 pre-miRNAs of miR-BARTs. Research groups attempted to reconstitute the 

   Table 7.1    Targeting genes of EBV encoded miRNAs   

 Target genes  EBV miRNAs  Reference 

  Viral target genes  
 BALF5 (DNA polymerase)  miR-BART2-5p  Barth et al. ( 2008 ) 
 LMP1  miR-BART1-5p, -16, -17-5p  Lo et al. ( 2007 ) 

 miR-BART9  Ramakrishnan et al. ( 2011 ) 
 miR-BART19-5p, -5-5p  Riley et al. ( 2012 ) 

 LMP2A  miR-BART22  Lung et al. ( 2009 ) 
 BHRF1  miR-BART10-3p  Riley et al. ( 2012 ) 

  Cellular target genes  
 Bim  miR-BART  Marquitz et al. ( 2011 ) 

 cluster 1 and cluster 2 
 PUMA  miR-BART5  Choy et al. ( 2008 ) 
 DICER1  miR-BART6-5p  Iizasa et al. ( 2010 ) 
 CXCL-11  miR-BHRF1-3  Xia et al. ( 2008 ) 
 IPO7  miR-BART3  Vereide et al. ( 2013 ) 
 CASP3  miR-BART16  Vereide et al. ( 2013 ) 
 GUF1, SCRN1  miR-BHRF1-1  Skalsky et al. ( 2012 ) 
 CAPRIN2  miR-BART13-3p  Riley et al. ( 2012 ) 
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expression of all EBV-encoded miR-BARTs by ectopically inserting the missing 
pre-miRNA genes that were driven by heterologous promoters (Vereide et al.  2013 ; 
Seto et al.  2010 ). However, the displaced miR-BARTs were not expressed as 
 effi ciently as the endogenous miRNAs (Seto et al.  2010 ). The effi cient expression of 
miR-BARTs may require primary transcripts under the control of native BART 
 promoter, followed by proper processing of the primary transcripts. 

 It was also shown that EBV miRNAs were secreted from infected B cells and 
that they were functional upon transfer via exosomes in primary monocyte-derived 
dendritic cells (Pegtel et al.  2010 ). Another study recently demonstrated that certain 
plasma EBV miRNAs did not copurify with exosomes, implicating non-exosomal 
transport of miRNAs into plasma (Gourzones et al.  2013 ). Further studies are 
required to clarify the functional signifi cance of viral miRNAs secreted into plasma 
via exosomal or non-exosomal mechanisms.  

2.3     Alteration of Human miRNA Pathway by EBV Infection 

 Regulating host gene expression is crucial for viruses to survive in host cells, and 
it is now becoming apparent that viral miRNAs signifi cantly contribute to such 
regulations, especially in latently infected cells where a few viral proteins are 
expressed. Viral miRNAs can affect the expression of cellular miRNAs. Specifi c 
cellular miRNAs, namely, miR-21, miR-155, and miR-146a, were found to be 
 up-regulated in B lymphocytes transformed by EBV B95-8 strain (Godshalk et al. 
 2008 ; Mrazek et al.  2007 ), while other cellular miRNAs were dramatically down-
regulated following EBV infection of primary B cells (Godshalk et al.  2008 ). It is 
tempting to speculate that the up-regulation of miR-21 plays critical roles in 
 EBV-mediated transformation, as miR-21 is a well-characterized oncomir 
(Gabriely et al.  2008 ). Therefore, it appears that viral and cellular miRNA 
 regulatory networks affect each other, and virus-host interactions are apparently 
far more complicated than previously thought.   

3     MicroRNAs in Kaposi’s Sarcoma-Associated Herpesvirus; 
Expression, Regulation and Function 

3.1     KSHV Encoded miRNAs 

 KSHV belongs to the human herpesvirus family and is implicated in human  diseases 
such as Kaposi’s sarcoma (KS), AIDS-related primary effusion lymphoma (PEL), 
and multicentric castle-man’s disease (Boshoff and Weiss  2002 ). KSHV exists as a 
latent or lytic infection in host cells. Pfeffer et al. and other groups discovered 
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KHSV-derived miRNAs in latently infected cells (Pfeffer et al.  2004 ,  2005 ; Cai 
et al.  2005 ; Samols et al.  2005 ). KSHV encodes 12 miR-K12 pre-miRNAs (24 
 miRNAs) and A-to-I RNA edited mir-K12-10a is registered as a mir-K12-10b on 
miRBase (  http://www.mirbase.org    ) (Pfeffer et al.  2005 ; Umbach and Cullen  2010 ; 
Lin et al.  2010 ). Most miR-K12s are localized in the intron of K12 (Kaposin) and 
two pre-miRNAs are localized in the protein- coding region and 3′-UTR of K12, 
respectively (Fig.  7.2 ).

3.2        Pathophysiological Roles of KSHV Encoded miRNAs 

 MiR-K12s are expressed in latently infected cells; however their role in the viral 
life cycle is largely unknown. MiR-K12-9 suppresses the expression of RTA, 
which is an essential transcription factor for KSHV lytic infection (Bellare and 
Ganem  2009 ; Lin et al.  2011 ). Transfection of miR-K12-7 or miR-K12-5 also 
represses RTA- expression (Lin et al.  2011 ; Lu et al.  2010 ). Moreover, mutated 
KSHV that lacks miR-K12s, except miR-K12-10 and miR-K12-12, increased 
lytic protein expression by enhancing NF-κB activation (Lei et al.  2010 ). These 
reports indicate that miR-K12s suppress lytic reactivation and maintain latent 
infection in host cells. 

 Seed sequences of miR-K12s are similar to human miRNAs (KSHV-K12-11 and 
human miR-155, miR-K12-6-5p and human miR-15a and miR-16) (Skalsky et al. 
 2007 ; Gottwein et al.  2007 ). These reports suggest that miR-K12s may target human 
genes to maintain latent infections. MiR-K12s repressed thrombospondin1 (THBS1), 
a tumor suppressor, via inhibition of angiogenesis and down-regulation of THBS1 
expression, was also previously observed in KS lesion (Samols et al.  2007 ; Taraboletti 
et al.  1999 ). MiR-K12-5, -9, -10a, and -10b repress Bcl-2- associated transcription 
factor 1 (BCLAF1), which is a repressor of Bcl2 family and induces apoptosis 
(Ziegelbauer et al.  2009 ). MiR-K12-11 targets the xCT-negative regulator BACH-1 
(Qin et al.  2010a ). xCT is an amino acid transporter that protects cells from environ-
mental oxidative stress. KS legions show high expression of xCT (Qin et al.  2010a ), 
and interestingly, xCT is reported to be a regulator of cancer stem cells (Ishimoto 
et al.  2011 ). MiR-K12-1 represses cyclin-dependent kinase inhibitor p21. Inhibition 
of miR-K12-1 results in cell cycle arrest by p53 activation (Gottwein and Cullen 
 2010 ). These miR-K12-targeting genes are related to the pathogenesis of KSHV-
associated diseases.  

  Fig. 7.2    Location of KSHV-encoded miRNAs in KSHV genome  Black triangle : miRNA,  Kap : 
kaposin       
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3.3     Immune Defense and KSHV Encoded miRNAs 

 Latent infection of KSHV were observed in 40–50 % of the population in south part 
of Africa, 10 % of the north American population and 4 % of the Japanese popula-
tion; however, most of these people were kept healthy (Fujii et al.  1999 ). MiR-K12s 
are expressed in latently infected cells. To escape from host immune mechanism, 
miR-K12s may regulate this mechanism. MiR-K12-7 inhibits the expression of 
MHC class I polypeptide-related sequence B, which is recognized by NK cells 
(Nachmani et al.  2009 ). miR-K12-10a represses the tumor necrosis factor receptor 
superfamily member 12A, which regulates apoptosis and infl ammatory response 
(Abend et al.  2010 ). MiR-K12s also alter human cytokine expression via targeting 
of the cytokine repressor C/EBPβ p20 (Qin et al.  2010b ). C/EBPβ p20 is a repressor 
of IL-6 and IL-10. MiR-K12s induce the expression of these cytokines in murine 
macrophages (Qin et al.  2010b ). A bioinformatics sequence analysis revealed that 
this could be attributed to viral miRNA-mediated expression of a known repressor 
of these cytokines. 

 To identify target genes of miR-K12s, a bioinformatics approach was used. 
Identifying target genes of viral miRNAs is much more diffi cult than identifying 
those of mammalian miRNAs, because species conservation of 3′-UTR miRNA 
targeting site is not useful for viral miRNAs. Recently, high-throughput sequencing 
of RNA isolated by cross-linking immunoprecipitation (HITS-CLIP) was devel-
oped to identify miRNA target gene by immunoprecipitation of Ago2-miRNAs and 
associated mRNAs. This method recovered approximately 1,000 cellular targeting 
genes of miR-K12s, including THBS1, BACH1, and C/EBPβin PEL cell lines 
(Haecker et al.  2012 ). Interestingly, HITS-CLIP revealed that the miR-K12s 
 predominate Ago2- associated miRNAs and miR-K12smay contribute to global 
alteration of the human miRNAs pathway in KSHV-infected cells (Haecker et al. 
 2012 ). KSHV-positive KS is derived from endothelial cells and the mRNA 
 expression profi le of endothelial cells is not to the same as that of PEL. In the near 
future, the pathophysiological role of miR-K12s in endothelial cells will be  identifi ed 
using the HITS-CLIP method.   

4     MicroRNAs in High-Risk Human Papillomavirus; 
Expression, Regulation and Function 

4.1     Basic Knowledge of HPV Infection 

 Human papillomaviruses (HPVs) have small double-stranded circular genomic 
DNA that encode early genes (E1, E2, E4, E5, E6, and E7) and late genes (L1 and 
L2) (Zheng and Baker  2006 ). HPVs infect squamous epithelium, and then 
 integrate into the epithelial stem cells on the basal membrane. HPV early genes 
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are expressed in the epithelial stem cells; however, expression of viral late genes 
and viral DNA replication are observed in differentiated epithelial layers. The E6 and 
E7 genes of high-risk HPVs (HPV16 and HPV18) have oncogenic activity and 
inactivate p53 and pRb, respectively (Scheffner et al.  1990 ; Dyson et al.  1989 ; 
Gonzalez et al.  2001 ).  

4.2     MiRNAs Expression Profi le of HPV Infected 
Cells and Pathophysiological Role of miRNAs 
in HPV Infection 

 DNA viruses encode viral miRNAs and therefore are able to regulate viral life cycle 
or human immune defense. However, HPVs do not have viral miRNAs because they 
have small genome (size, 8 kb). Infection with high-risk HPVs leads to tumorigen-
esis in the epithelial stem cells by the inactivation of tumor suppressive factors. The 
component p53 interacts with the Drosha-DGCR8 complex component p68 and 
regulates part of miRNA processing (Suzuki et al.  2009 ). The effect of high-risk 
HPVs infection in miRNA expression is largely unknown. 

 Dreher et al. ( 2011 ) reported that the expression level of miR-145 was 
increased in high-risk- HPV infected cells compared to low-risk HPV-infected 
cells. High- risk HPV component E6 is one of the key factors for tumorigenesis, 
it suppresses the expression of miR-145 (Shi et al.  2012 ; Gunasekharan and 
Laimins  2013 ), miR- 218 (Martinez et al.  2008 ), miR-34a (Wang et al.  2009b ; 
Xie et al.  2013 ) and miR- 23b (Au Yeung et al.  2011 ). Previously, miR-145 was 
identifi ed as a tumor suppressive miRNA (called “anti-oncomir”) (Cho et al. 
 2009 ) as it suppresses the expression of c-Myc (Sachdeva et al.  2009 ), MUC1 
(Sachdeva and Mo  2010 ) and stem cell-related transcription factors (Xu et al. 
 2009 ). Tumor-related target genes of miR-218 are Robo1 (Tie et al.  2010 ), sur-
vivin (Alajez et al.  2011 ), Runx2 (Zhang et al.  2011b ), and the mTOR compo-
nent Rictor (Uesugi et al.  2011 ). Moreover, miR-34a and miR-23b repress c-Myc 
(Christoffersen et al.  2010 ; Gao et al.  2009 ) and these miRNAs are induced by 
p53. These reports suggest that the high-risk HPV E6 gene represses tumor suppressive 
miRNAs via p53 inactivation. 

 High-risk HPV E7 can inactivate pRb and induce the activation of the  transcription 
factor E2F (Scheffner et al.  1990 ; Dyson et al.  1989 ; Gonzalez et al.  2001 ). 
Interestingly, E7 suppresses miR-203 expression and induces p63 expression; p63 
is an enhancer of cancer stem cells (Melar-New and Laimins  2010 ; Keyes et al. 
 2011 ). MiR-203 is a repressor of dermal stem cells, but the molecular mechanism 
underlying the transcriptional regulation of miR-203 is unknown (Yi et al.  2008 ). 
Moreover, high-risk HPV E5 regulates miR-146a, miR-203, and miR-324-5p 
(Greco et al.  2011 ). High-risk HPV infection itself may regulate cell differentiation 
by repressing the expression of human miRNAs.   
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5     MicroRNAs in Hepatitis C Virus; Expression, 
Regulation and Function 

5.1     Basic Knowledge of HCV 

 Hepatitis C virus (HCV) has a 9.6 kb genome that encodes a single positive-strand 
polyprotein, which is organized in structural and the non-structural (NS-) replica-
tion proteins. The open reading frame is fl anked by the 5′- and 3′ -UTRs that con-
tain the cis-signals for the translation and replication of the viral RNA. The structural 
proteins, which form the viral particle, include the core protein and the envelope 
glycoproteins E1 and E2. The non-structural proteins include p7 ion channel, NS2-3 
protease, NS3 serine protease and RNA helicase, NS4A polypeptide, NS4B and 
NS5A proteins, and NS5B RNA-dependent RNA polymerase (RdRp) (Appel et al. 
 2006 ; Moradpour et al.  2007 ) (Fig.  7.3 ). HCV infection is a cause of chronic hepa-
titis, liver cirrhosis, and hepatocellular carcinoma (HCC) (Wasley and Alter  2000 ).

5.2        The Expression and Role of miRNAs in Liver 

 The miRNA expression pattern differs dramatically among internal organs. miR- 122 
constitutes ~70 % of the hepatic miRNAs (Landgraf et al.  2007 ), and its function in 
the liver is varied. MiR-122 maintains the hepatic function by down-regulating genes 
involved in cholesterol synthesis like HMG-CoA reductase, amongst others (Esau 
et al.  2006 ). The serum lipid profi les of both liver-specifi c and germline knockouts of 
miR-122 induced a 30 % reduction in the total cholesterol, LDL, HDL, and serum 
triglyceride level. Against expectations, the knockout miR-122 mice had progressive 
steatohepatitis (Hsu et al.  2012 ; Tsai et al.  2012 ). MiR-122 can also regulate lipid 
synthesis in the liver by controlling expression of  Agpat1  and  Cidec  (Hsu et al.  2012 ; 
Tsai et al.  2012 ). These genes are a part of the triglyceride biosynthesis pathway 
(Kim et al.  2008 ). Gatfi eld et al. ( 2009 ) showed that miR-122 is associated with 
circadian rhythm as the circadian metabolic regulators of the PPAR family are 
regulated by the miR-122-mediated metabolic control. 

  Fig. 7.3    Structure of the HCV genome. The recognition sites of miR-122, miR-199a*, and miR- 
196* on the HCV genome and in miRNAs are shown. This confi rms the  in vitro  replication of HCV       
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 In miR-122-knock out animals, steatohepatitis and liver fi brosis were observed 
(Hsu et al.  2012 ; Tsai et al.  2012 ; Gatfi eld et al.  2009 ). MiR-122 is also related to 
liver infl ammation (Lanford et al.  2010 ). Several researchers showed that the expression 
level of miR-122 is reduced in experimental models and clinical samples of HCC, 
and loss of miR-122 is associated with tumor invasiveness and cancer  progression 
(Hsu et al.  2012 ; Tsai et al.  2012 ; Wu et al.  2009 ; Coulouarn et al.  2009 ; Bai et al. 
 2009 ; Cheung et al.  2008 ; Wang et al.  2012 ).  

5.3     MiRNA and HCV Associated Liver Disease 

 It was demonstrated that HCV replication is controlled by miR-122 (Jopling et al. 
 2005 ), and since then, the function of miR-122 in the hepatic tissue is mostly 
 analyzed in relation to HCV replication. The reasons why HCV replication is 
 controlled by suppressing the function of miR-122 are (1) The binding site of 
 miR-122 is downstream to the internal ribosomal entry site, which controls 
 duplication in the early stages of HCV infection (Henke et al.  2008 ), (2) It is  possible 
that the isoprenoid biosynthetic pathway, controlled by miR-122, regulates HCV 
replication.miR- 122 can directly regulate HCV replication when used as a target 
gene (Henke et al.  2008 ), (3) The recognition site of miR-122 in HCV is located in 
both the 5′-UTR and 3′-UTR domains. miR-122 forms an oligomeric complex in 
which one miR- 122 molecule binds to the 5′-terminus of the HCV RNA, masking 
the 5′-terminal sequences of the HCV genome while the 3′ nucleotides are 
 overhanging (Machlin et al.  2011 ). We highlight the most recent fi ndings regarding 
the role of miRNAs in viral hepatitis, liver fi brosis, and HCC by analyzing the 
 possible mechanisms by which they contribute to the progression of chronic liver 
disease. MiR-122, which is liver-tropic, can control HCV by stimulating and accel-
erating translation during replication of HCV (Jopling et al.  2005 ) and inhibition of 
miR-122 can block HCV replication. 

 Lohmann et al. ( 1999 ) have developed the HCV subgenomic replicon system, in 
which an HCV subgenomic replicon autonomously replicates in Huh-7 cells (HCV 
replicon cells). This technology has contributed greatly to the development of anti 
viral agents, and helped us to monitor the effect of miRNA on the replication of 
HCV. The algorithms that search miRNAs responsible for HCV-targets were 
 demonstrated. MiRNAs, except miR-122, can also control the replication of HCV 
(Hsu et al.  2007 ) (Fig.  7.4 ). MiR-199a* can recognize the 5′-UTR region so over- 
expressing or inhibiting miR-199a* can respectively suppress or enhance HCV 
 replication (Murakami et al.  2009 ). MiR-196, a HCV protein repressor, can recog-
nize HCV genome as target gene (Hou et al.  2010 ) (Fig.  7.3 ).

   MiR-130a expression was signifi cantly higher in HCV-infected hepatocytes and 
liver biopsy specimens than in controls. MiR-130a can regulate interferon-induced 
trans-membrane 1 (IFITM1). Up-regulation of miR-130a in HCV infections reduces 
the expression level of IFITM1. This can inhibit HCV replication (Bhanja 
Chowdhury et al.  2012 ). The hepatic miRNA expression pattern that exists in 
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chronic hepatitis c (CHC) patients before pegylated interferon and ribavirin combi-
nation therapy is associated with their therapeutic outcome. The expression level of 
nine miRNAs was signifi cantly different in the sustained virological response 
(SVR) and non-responder (NR) groups. The accuracy of this diagnosis is 70.5 % 
(Murakami et al.  2010 ). Viral species may have different expression patterns for 
miRNA; for example, expression patterns of miRNAs are unique in HBV and HCV 
infections and are closely related to liver disease progression. When seventeen 
 miRNAs are down-regulated in HCC, cancer –associated pathways such as cell 
cycle, adhesion, proteolysis, transcription, and translation are enhanced. However, 
when miRNAs are up-regulated in HCC, the anti-tumor immune response is sup-
pressed (Murakami et al.  2010 ). 

 The miRNAs can recognize HCV genome by using the  in silico  target search 
algorithm (ViTa:   http://vita.mbc.nctu.edu.tw    ). The number above the bar indicates 
the nucleotide number. 

 The paragraphs written above summarize the close relationship between miRNA 
and HCV infection and chronic liver disease. The accumulated information between 
expression pattern of miRNAs and HCV infection can pave the way for clinical 
application. This knowledge has opened the path to clinical applications of miRNA 
analysis. Many researchers have attempted to diagnose cancer using the miRNA 
expression in serum or plasma (Kosaka et al.  2010 ). Expression pattern in circulating 
miRNAs were used to diagnose chronic liver disease (Bihrer et al.  2011 ; Cermelli 
et al.  2011 ; van der Meer et al.  2013 ; Shrivastava et al.  2013 ; Murakami et al.  2012 ). 
The second phase of the clinical trial for chronic hepatitis C involves a complementary 

  Fig. 7.4    Hypothetical miRNAs target sites on HCV genome       
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based sequence of miR-122 and the uses of locked nucleic acid-miR- 122 to control 
the function of liver miR-122 (Janssen et al.  2013 ). Biomarkers and nucleic acid 
drugs will be applied clinically in the near future.   

6     MicroRNAs in Hepatitis B Virus; Expression, 
Regulation and Function 

6.1     Basic Knowledge of HBV Infection 

 The hepatitis B virus (HBV) is a small enveloped partially double-stranded DNA 
virus that belongs to the  Hepadnaviridae  family. This virus primarily infects hepa-
tocytes and causes acute and chronic liver disease. Among the 2,000 million people 
worldwide infected with HBV, more than 350 million remain chronically infected 
and become carriers of the virus (Ganem and Prince  2004 ). Epidemiological studies 
have revealed that chronic HBV infection is the major etiological factor in the 
development of HCC. Indeed, more than a half of the HCC patients are HBV carriers 
(Parkin  2006 ). Despite the availability of an effi cacious vaccine, persistent HBV 
infection remains a challenging global health issue that requires a better understanding 
of the virus biology and pathogenesis for improved control and treatment. 

 The life cycle of HBV is complex (Fig.  7.5a ). The initial stages of the acute HBV 
infection, including virion attachment, uncoating and nucleocapsid transport to the 
cell nucleus, are still poorly understood (Seeger and Mason  2000 ; Yan et al.  2012 ). 
Once delivered into the nucleus, the 3.2 kb relaxed circular DNA genome is con-
verted into a covalently closed circular DNA (cccDNA) from which all the viral 
RNAs are transcribed. These transcripts include the pregenomic RNA (pgRNA) that 
will serve as template for reverse transcription and the subgenomic mRNAs that 
derive from the four overlapping gene sequences composing the viral genome. 
These sequences comprise the pre-S and surface genes, the precore and core genes, 
the polymerase gene, and the X gene. The newly formed nucleocapsids can either 
assemble with envelope proteins in the endoplasmic reticulum and form mature 
virion that will be secreted, or return to the nucleus to maintain the cccDNA 
 amplifi cation. When the immune system fails to clear the virus, the HBV infection 
becomes chronic (Fig.  7.5b ). Eventually, the viral genetic material or sequences can 
integrate into the host cellular DNA. The integration has been frequently observed 
and is associated with HCC (Brechot et al.  1980 ; Paterlini-Brechot et al.  2003 ).

   MiRNAs play key roles in the regulation of almost every cellular process in all 
multicellular eukaryotes (Bartel  2009 ). As intracellular pathogens, viruses are 
affected by these post-transcriptional modulators and have found a way to subvert 
their effects. Several viruses, especially the herpesviruses, encode for miRNAs that 
increase their replication potential and/or allow the evasion from the innate immune 
system (Skalsky and Cullen  2010 ). This chapter will outline the implication of miR-
NAs in the HBV biology and the associated pathogenesis, including HCC develop-
ment. We will also outline the present and future miRNA-based strategies for the 
diagnosis, prognosis and treatment of the HBV-related HCC.  
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6.2     MiRNAs Involved in the Regulation of HBV Gene 
Expression, Replication and Effects on the Carcinogenesis 

 Viruses, nuclear DNA viruses in particular, need some time to complete their life 
cycle. During this period, the host cell can develop defense mechanisms such as cell 
cycle arrest and viral clearance. By taking advantage of the cellular miRNA machinery, 

  Fig. 7.5    The HBV infection ( a ) Schematic representation of the HBV life cycle. ( b ) HBV natural 
history of infection. Abbreviations:  cccDNA  covalently closed circular DNA,  ER  endoplasmic 
reticulum,  HBeAg  hepatitis B extracellular “e” antigen,  HBsAg  HBV surface antigen,  pgRNA  
pregenomic RNA,  Rc  receptor,  rcDNA  relaxed circular DNA,  RT  reverse transcription       
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these viruses can more easily and effi ciently help to promote a favorable cellular 
environment for viral replication and achievement of the life cycle (Skalsky and 
Cullen  2010 ). The modulation of the machinery could be made by direct action on 
the cellular miRNAs (Backes et al.  2012 ; Jopling et al.  2005 ) (inhibition or up- 
regulation) or by expression of their own miRNAs that will mimic their cellular 
counterparts (Gottwein et al.  2007 ; Lu and Cullen  2004 ). Despite the fact that HBV 
is a nuclear DNA virus, none viral-encoded miRNA has been identifi ed so far. Only 
one putative HBV-miRNA, with hypothetical regulation role on its own genome, 
was deduced by computational approach (Jin et al.  2007 ). However, several cellular 
miRNAs are involved in the HBV viral replication. They are presented here above 
and summarized in Table  7.2 .

6.2.1       Cellular miRNAs That Promote HBV Replication 

 MiR-1 can enhance the HBV core promoter transcription and thus increase the 
viral replication by modulating the expression of several host genes such as 
 transcription factors (Zhang et al.  2011a ). The report has confi rmed that the 
 histone deacetylase 4 (HDAC4) expression is down-regulated by miR-1. Knowing 
that the cccDNA amplifi cation is controlled by epigenetic regulation (Pollicino 

     Table 7.2    Cellular miRNAs and their effects on HBV biology, pathogenesis or related-HCC HBV 
(↑): Promotes HBV replication, HBV (↓): Inhibits HBV replication, HCC (↑): Development and/
or growth of HCC   

 Target genes  miRNAs 
 miRNA 
expressions 

 HBV or HCC 
status  Reference 

  Viral target genes  
 HBsAg  miR-199-3p  Up  HBV(↓)  Zhang et al. ( 2010 ) 
 HBVpre-S1  miR-210  Up  HBV(↓)  Zhang et al. ( 2010 ) 
  Cellular target genes  
 HDAC4  miR-1  Up  HBV (↑)  Zhang et al. ( 2011a ) 
 c-myb  miR-15a  Down  HCC (↑)  Liu et al. ( 2009 ) 
 E2F1 (c-myc 

repressor) 
 miR-17-92 cluster  Up  HCC (↑)  Connolly et al. 

( 2008 ) 
 PTEN (?)  miR-21  Up  HCC (↑)  Connolly et al. 

( 2008 ) 
 cyclin G1 (p53 

modulator) 
 miR-122  Down  HBV (↑), 

HCC (↑) 
 Wang et al. ( 2012 ) 

 DNMT1  miR-152  Down  HBV (↓)  Huang et al. ( 2010 ) 
 SOCS1 (STAT 

inhibitor) 
 miR-155  Up  HBV(↓)  Su et al. ( 2011 ) 

 HLA-A (miR-181)  miR-181a, -181b, 
200b 

 Up  HBV (↑)  Liu et al. ( 2009 ) 

 NFIB  miR-372,-373  Up  HBV (↑)  Guo et al. ( 2011 ) 
 STAT3  let-7 family  Down  HBV (↑?), 

HCC (↑) 
 Wang et al. ( 2010 ) 
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et al.  2006 ), miR-1 could act in complementarity with the nuclear HBV X protein 
(HBx) in order to induce these modifi cations (Belloni et al.  2009 ). However, 
miR-1 can also inhibit the cell proliferation and even induce a reverse cancer cell 
phenotype (Zhang et al.  2011a ). The roles of miR-1 in the cell proliferation and 
hepatocellular  carcinogenesis (Datta et al.  2008 ) seem to be contradictory with 
the viral replication and with the characteristics of oncogenic virus but must 
 represent benefi t for HBV survival. 

 Another miRNA, miR-501, has also been suggested to work together with HBx 
for the benefi t of viral replication (Jin et al.  2013 ). HBx itself has also the ability to 
deregulate the cellular miRNAs expression. This small protein is a key regulator of 
HBV infection. It is usually over-expressed in HCC and accumulated evidence 
 indicates that HBx can promote hepatocarcinogenesis by disrupting the normal 
physiologic mechanisms of the host cell (Chirillo et al.  1997 ; Lee et al.  2005 ; Tian 
et al.  2013 ). The let-7 family of miRNAs has been demonstrated to be negatively 
regulated by HBx (Wang et al.  2010 ). This miRNA family is often observed 
 down- regulated in many cancers including HCC (Guo et al.  2006 ; Johnson et al. 
 2005 ; Yu et al.  2007 ). The consequence of this down-regulation is the increase 
 activity of that signal transducer and activator of transcription 3 (STAT3) that 
 supports the cell proliferation, and potentially the hepatocarcinogenesis. 

 Finally, the miRNAs can promote the viral replication by the indirect stimulation 
the HBV enhancer element I or II. It is the case for the CCAAT/enhancer binding 
protein that binds and activates the HBV enhancer II in a dose-dependent manner 
(Lopez-Cabrera et al.  1991 ). miR-372, together with miR-373, targets the nuclear 
factor I/B, an important regulator of several viruses (Nagata et al.  1983 ), and so 
 supports the HBV expression (Guo et al.  2011 ).  

6.2.2     Cellular miRNAs That Prevent HBV Replication 

 One of the best studied miRNAs in liver-related diseases is miR-122. This liver- 
specifi c miRNA is expressed at high levels in normal hepatocytes (about 70 % of 
the total miRNA population in the adult liver) (Lagos-Quintana et al.  2002 ) and is 
 pivotal in numerous aspects of the liver function such as lipid metabolism, liver 
development, differentiation, growth and neoplastic transformation (Girard et al. 
 2008 ). The essential role of mir-122 in the HCV replication refl ects furthermore 
the importance of this miRNA in the infection process (Jopling et al.  2005 ). 
While the loss of miR-122 expression is impeding HCV replication, it is enhancing 
the replication in the circumstance of HBV infection (Wang et al.  2012 ). In fact, 
 miR-122 can negatively regulate the viral gene expression and replication by direct 
binding to a highly conserved sequence of HBV (Chen et al.  2011 ). This repression 
effect can apparently be impeded by a negative feedback loop involving the Heme 
oxygenase-1 (Qiu et al.  2010 ). A recent study has reported the indirect implication 
of HBx in miR-122 deregulation (Song et al.  2013 ) that could, at least partially, 
explain the difference observed between the two viruses. Knowing that miR-122 
expression is low in HBV and HCC tissues (Wang et al.  2012 ; Kutay et al.  2006 ) 
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and that HBV replication is usually low or absent in HCC cells (Wong et al.  2006 ), 
miR-122 is a highly potential linker between HBV infection and liver carcinogen-
esis (Wang et al.  2012 ; Fan et al.  2011 ) and therefore a predilected target for future 
clinical applications. 

 The miR-17-92 cluster is also important in the HBV-associated HCC. This polycis-
tron includes six miRNAs (miR-17-5p, miR-18a, miR-19a, miR-19b, miR-20a and 
miR-92a-1) and its up-regulated expression is associated with malignancies (Hayashita 
et al.  2005 ). By using human HBV-positive human HCC tissues, hepatoma cell lines 
and woodchuck hepatitis virus -induced HCC animal model (Popper et al.  1987 ), 
Connolly and colleagues were able to demonstrate the elevated expression of miR-
17-92 cluster and its implication in the malignant phenotype (Connolly et al.  2008 ). The 
expression could be amplifi ed by c-myc activation (He et al.  2005 ), under HBx control 
(Terradillos et al.  1997 ), to contribute to HBV latency state (Jung et al.  2013 ). The 
consequence is the induction of liver oncogenesis. Since the RNA intermediates of 
HBV (pgRNA and transcripts) are good targets of miRNA action, it is not surprising 
to observe several cellular miRNAs with different binding sites. So, in addition to 
miR-122 that targets the polymerase region (Chen et al.  2011 ), the mir-199a-3p and 
mir-210 can repress the S and pre-S1 regions, respectively (Zhang et al.  2010 ). 

 All the examples illustrating cellular miRNAs as inhibitors of the viral replication 
are a bit diffi cult to comprehend initially because of their obvious negative effect on 
HBV infection. However, it can be understood by keeping in mind the survival of the 
virus into the host organism. The natural history of HBV infection shows often a 
transition from acute to chronic infection, especially in young children. This step 
corresponds to a failure of the immune system to eradicate the virus (Fig.  7.5b ). One 
of the escape pathways is the successful adaptation to the immune- induced down-
regulation of replication. The virus could evade the immune system by reaching a 
dormant state into the infected hepatocytes, under the cccDNA form, and survive until 
its eventual life cycle reactivation (Ganem and Prince  2004 ; Belloni et al.  2009 ,  2012 ; 
Huang et al.  2010 ). The study of Huang and colleagues reports the CpG islands methyla-
tion of the cccDNA by the DNA methyltransferase 1 (DNMT1) to prevent the viral 
gene expression and therefore the viral antigen presentation. DNMT1 over-expression is 
induced by a decrease of miR-152, under the effect of HBx (Huang et al.  2010 ).   

6.3     MiRNAs in the Modulation of the Immune System 
and Effects on the Carcinogenesis 

 HBV must adapt to a very complex network in order to survive. It has to cope with 
the modifi cation of homeostasis, the cell cycle arrest, the apoptosis and the 
 destruction of the host cell by the immune cells. MiRNAs are also important in the 
development and function of immune system (Baltimore et al.  2008 ). Some  miRNAs 
in particular are crucial for modulating innate and adaptive immune responses. 
MiR- 155 has multi-roles during an innate immune response such as the regulation 
of the acute infl ammatory response after recognition of pathogens by the toll-like 
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receptors (O’Connell et al.  2007 ; Tili et al.  2007 ). The up-regulation of miR-155 can 
lead to prolonged exposure to infl ammation, a well-known causal agent to cancers 
like HCC (Berasain et al.  2009 ). Two recent studies suggest a role of miR-155 in 
hepatocarcinogenesis and HBV infection (Table  7.2 ). Using HCC-induced mouse 
model, Wang and collaborators have demonstrated an oncogenic role of miR-155 at 
the early stages of the tumorigenesis (Wang et al.  2009a ). On the other hand, the 
ectopic expression of miR-155 in human hepatoma cells enhances the innate 
 immunity through promotion of the JAK/STAT pathway and down-regulates HBx 
expression (Su et al.  2011 ). 

 A study analyzing the modifi ed expression profi les of miRNAs in a stable 
 HBV- expressing cell line revealed the up-regulation of miR-181a (Liu et al.  2009 ) 
(Table  7.2 ). The deregulation of this miRNA in liver cell might participate to the 
establishment of HBV persistence through inhibition of the human leukocyte 
 antigen A (HLA-A) -dependent HBV antigen presentation. To date, it is unclear if 
miRNAs altered in the host cell, like miR-181a and miR-146a also present in Liu’s 
study, miRNAs involved in ubiquitous and cell-specifi c regulatory functions, could 
affect directly the immune cells. The presence of circulating miRNAs, as well as the 
existence of intercellular nanovesicle-mediated miRNA transfer and its impact on 
the environmental modulation, could potentially support that hypothesis (Arataki 
et al.  2013 ; Waidmann et al.  2012 ; Li et al.  2010 ,  2012 ; Zhou et al.  2011 ; Kogure 
et al.  2011 ). The current knowledge shows an altered miRNA profi le expression 
between normal and HCC liver at the different stages, and between the HBV and 
HCV-induced HCC (Murakami et al.  2006 ; Li et al.  2008 ; Budhu et al.  2008 ; Ura 
et al.  2009 ). For the latest one, this refl ects the variation in the cellular pathways that 
are modulated as a consequence of the viral infection (Fig.  7.6 ).

  Fig. 7.6    Chronology of events from the HBV infection until HCC development. The indicated 
altered miRNAs and related pathways are based on the results from Ura et al. ( 2009 )       
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6.4        MiRNAs as Biomarkers and Treatment-Based Strategies 
for HBV Infection and HBV-Induced HCC 

 It is important to know the precise mechanisms, the cellular pathways that the viral 
infection or cancer cells alter in the different steps of the infection and/or tumor 
evolution. The knowledge will allow developing powerful targeted therapeutical 
strategies. The signifi cance of miRNAs in antiviral immunity and liver  carcinogenesis 
emphasizes their values as therapeutic targets for HBV infection and HBV- induced 
HCC. MiR-122 and miR-18a are of particular interest. They are both released in the 
blood and could be used as potential non-invasive biomarkers for HBV-related HCC 
screening (Liu et al.  2009 ; Waidmann et al.  2012 ; Li et al.  2012 ). Some other reports 
suggest using a miRNA panel in order to improve the specifi city of the test (Li et al. 
 2010 ; Zhou et al.  2011 ). In addition with the current routinely used markers such as 
HBV surface antigen, HBV extracellular antigen and alanine aminotransferase, the 
circulating miRNAs represent a signifi cant clinical value for better evaluation of the 
HBV-infection status, liver injury and early diagnosis of HCC. 

 In the therapeutic perspective, the work of Ura’s group is valuable. They  analyzed 
the livers of HBV and HCV positive patients with HCC to identify the miRNAs that 
are differentially expressed. Nineteen miRNAs were clearly differentiated between 
HBV and HCV groups, six specifi c for HBV and thirteen specifi c for HCV. Based 
on the miRNAs profi le, they made a pathway analysis of candidate targeted genes 
and were also able to distinguish the cellular mechanisms altered in HBV or HCV-
infected livers (Ura et al.  2009 ). The HBV infection alters mostly the pathways 
related to signal transduction, infl ammation and natural killer toxicity, DNA 
 damage, recombination, and cell death (Fig.  7.6 ), while HCV infection modifi es 
those involved in immune response involving antigen presentation, cell cycle and 
cell adhesion (Ura et al.  2009 ). 

 Moreover, technological advances in the delivery of miRNA and RNA interfer-
ence enable safe and effi cient  in vivo  miRNA gene therapy, as exemplify by the 
recent study from Kota and collaborators on the liver cancer (Kota et al.  2009 ). They 
used an adeno-associated virus to deliver miR-26a in a mouse model of HCC. This 
resulted in the successful inhibition of the cancer cell proliferation, induction of the 
tumor-specifi c apoptosis, and protection from disease progression without toxicity.   

7     Concluding Remarks 

 MiRNAs have emerged as novel key players in the control of gene expression in 
cells. Investigations of their profi ling have unveiled specifi c miRNA deregulations 
in tumors and in condition of viral infection. On the viral point of view, the 
 deregulated pathways mirror the strategies of the virus to allow its replication and 
evade the host defense mechanisms to survive. On the cellular point of view, they 
mirror the immune response that is trying to get rid of the intruder and that become 
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deregulated. In both cases, the viral infection leads to the alteration of miRNA 
expression by RSSs that can trigger tumorigenesis. Several oncogenic viruses, 
 especially herpesviruses like EBV and KSHV, encode their own miRNAs to modify 
both cellular and viral gene expression (Pfeffer et al.  2004 ). This step is crucial for 
their latency phase. On the other hand, HPV, HBV and HCV do not express viral 
miRNAs but can affect the host miRNA pathway. The present and future knowledge 
about miRNA will broaden our understanding of the pathogenesis of oncogenic 
viruses and most certainly allow developing effi cient oncogenic viral therapies.     
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    Abstract     Due to their great variety of targets, microRNAs (miRNAs) play a key 
role in number of physiological processes and in oncogenesis. The identifi cation of 
specifi c miRNA signatures in various types of tumors, including hepatocellular 
carcinoma (HCC), highlighted the dual role of miRNAs, both oncogenic and tumor 
suppressive. HCC is a cancer of poor prognosis that mainly develops on an injured 
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liver. Here, we will review the current knowledge concerning the deregulation of 
miRNA expression at all stages of hepatocarcinogenesis, including the underlying 
liver disease, in particular steatohepatitis and fi brosis. We will develop the data 
concerning the identifi cation of specifi c miRNA signatures in hepatocellular 
carcinoma, either in tumor or in sera. Since HCC appears in a context of chronic 
infl ammation after recurrent    liver injury, it also constitutes one of the best example 
in which miRNAs are key mediators for the communication between tumor cells 
and tumor microenvironment. The role of miRNAs in liver infl ammation will be 
detailed in this chapter. To conclude, all studies focusing on miRNAs in HCC 
argue for their possible use as diagnostic and prognostic biomarkers. Promisingly, 
miRNAs appear as potent therapeutic targets to improve HCC treatment, for which 
surgery remains the most frequent therapeutic option.  

  Keywords     Liver disease   •   Hepatocellular carcinoma   •   Infl ammation   •   MicroRNA 
signature   •   MicroRNA-based therapies  

1         Liver Architecture 

 By its central position, liver plays a crucial metabolic function in the body. The liver 
is divided into lobules centered onto the central vein and surrounded by six portal 
triads, composed of a branch of the hepatic artery, the portal vein and a biliary duct 
(Fig.  8.1 ).

   Blood fl ow within the liver determines the organization around the sinusoids of 
the liver cell plate, the anatomical unit of the hepatic parenchyma. The hepatocyte 
population represents 60 % to the total number of liver cells and assumes the main 
liver functions. According to their localization near the portal vein or around the 
central vein, the hepatocytes show different metabolic properties due to the expres-
sion of different enzymes. This phenomenon was defi ned by Jungermann as the 
liver metabolic zonation (Katz and Jungermann  1976 ). Nonparenchymal liver cells 
also populate liver in the sinusoidal compartment of the lobule. They regulate hepa-
tocyte function and protect them from liver injuries through the secretion of various 
molecules [(Bouwens et al.  1992 ) for a review]. Three main cell types composed the 
wall of hepatic sinusoid: the sinusoidal endothelial cells (SECs), the Kupffer cells, 
and the hepatic stellate cells (HSCs, also known as Ito cells). Sinusoidal endothelial 
cells constitute the wall of the hepatic sinusoid, in which they exert fi ltrating and 
endocytic activity. SECs also present original markers (i.e. the immunoglobulin 
receptors or CD4), which facilitate their interaction with Kupffer cells to clear 
immune complexes and to favor a T-cell tolerance. SECs are also able to secrete 
cytokines, eicosanoids, and some components of the extracellular matrix (ECM). 
Kupffer cells are the liver macrophages. Their phagocytic activity is required to 
control damages induced by dietary and bacterial metabolites arriving from the 
gut. They also secrete immune mediators in response to bacterial products like 
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lipopolysaccharide (LPS) to promote an oral tolerance to bacterial antigens (Crispe 
 2009 ). During liver injury, Kupffer cells are activated, secrete infl ammatory mediators 
[i.e. tumor necrosis factor α (TNFα), interleukin-10, and reactive oxygen species] 
to control the early phase of liver infl ammation and to favor innate immune defense 
(Seki and Brenner  2008 ). Hepatic stellate cells are perisinusoidal cells involved in 
collagen synthesis and vitamin A storage. During liver injury, HSCs transdifferentiate 
into myofi broblast-like cells; this constitutes the crucial event for infl ammatory fi brotic 
process. In response to hepatocyte damages, HSCs secrete cytokines, chemokines 
and growth factors, and participate to ECM remodeling (Brenner et al.  2000 ). 
Finally, liver immunosurveillance is also assumed by intrahepatic lymphocytes 
called Pit cells, which reside in the sinusoid lumen after they have crossed the 
sinusoid endothelium [(Lalor et al.  2002 ) for a review]. In response to different 
damages, a panel of infl ammatory cytokines and chemokines are secreted in liver 
(i.e. IFNγ, IP-10, and MIP-1α), which results in the recruitment of various immune 
cells. Different types of lymphocytes can be recruited in liver: CD4 and CD8 T 
cells, dendritic cells, liver-specifi c natural killer (NK) or NKT cells. All these cells 
are required for a correct protection against viral infections and tumor cells [(Parker 
and Picut  2012 ) for a review]. Following repeated insults to liver, an exacerbation of 
the infl ammatory response can occur and promote tumor development.  

  Fig. 8.1     Liver lobule organization . Liver parenchyma is organized in cell plates distributed 
around the sinusoids. The sinusoid wall is composed of endothelial cells, hepatic stellate cells and 
Kupffer cells. The hepatic parenchyma is divided into two distinct populations of hepatocytes 
according to their localization around the central vein or the portal triad composed of the portal 
vein, the hepatic artery and a bile duct       
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2     Liver Cancer 

 Liver cancer constitutes the third cause of cancer-related death worldwide. The 
most frequent form of primary liver cancer is hepatocellular carcinoma (HCC) 
with a prevalence of 500,000 new cases/year. It mainly affects men with cirrhosis. 
HCC frequently appears in a context of chronic liver disease caused by infection 
with hepatitis B and C viruses (HBV and HCV, respectively), alcohol consump-
tion, obesity or genotoxic exposure [(El-Serag and Rudolph  2007 ) for a review]. 
The classical view of carcinogenesis is that a normal cell is submitted to the fi rst 
“gatekeeping” mutation (i.e. single-base substitutions, deletion, insertion, and 
translocation) leading to a selective growth advantage to survive and proliferate, and 
to fi nally become a microscopic clone. The following “driver” mutations facilitate 
cell growth, and result in tumor development (Vogelstein et al.  2013 ). HCC is a 
complex and heterogeneous disease due to different genetic alterations, whose 
sequential appearance during the evolution from benign to malignant lesions is still 
poorly known. At the end of the 2000s, the global transcriptomic analysis performed 
on HCC samples established a molecular classifi cation of these tumors (Boyault 
et al.  2007 ). The most frequently signaling pathways altered in HCC are the 
β-catenin pathway (15–40 %), the p53 pathway (26 %), and the Ras pathway 
(5–10 %) (de La Coste et al.  1998 ; Guichard et al.  2012 ). In brief, the subgroups of 
HCC mutated for the β-catenin, appear in an etiological context of HCV virus 
infection or alcohol abuse. They present a lower proliferation rate, are more geneti-
cally stable, well differentiated, cholestatic and of relative better prognosis (Audard 
et al.  2007 ); inversely, the other subgroups of HCC appeared after hepatitis B virus 
infection. They are characterized by a genetic instability, are poorly differentiated, 
steatotic and of bad prognosis (Fig.  8.2 ).

   Liver cancer is also a perfect example of the relationship between tumor 
microenvironment and tumor development and/or progression. Over the past 
decades, the studies focusing on cancer do not consider so far the tumor cells as 
an unique entity but as an organ, whose development is orchestrated by surround-
ing cells, which could be immune cells, infl ammatory cells, endothelial cells or 
fi broblasts. The tumor microenvironment was in consequence defi ned as a hall-
mark of cancer by Hanahan and Weinberg, and the tumor-promoting infl amma-
tion was defi ned these recent years as one of its emerging characteristic (Hanahan 
and Weinberg  2011 ). To prevent an exacerbation of liver chronic infl ammation, 
immune cells dedicated to protect the hepatic parenchyma drain the adult liver 
and their recruitment and/or activation infl uence hepatocarcinogenesis (Anson 
et al.  2012 ; He and Karin  2011 ). 

 Although numerous efforts have been conducted to improve the comprehension 
and the treatment of liver cancer, the median life expectancy after HCC diagnosis 
does not go beyond 6 months. In consequence, it appears crucial to identify new 
molecular actors involved in liver tumor progression, which could be useful for its 
diagnosis and its treatment. In consideration with the key role of microRNAs 
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(miRNAs) in metabolism, immunity, infl ammation and cancer, these small RNAs 
appear as promising targets. In this chapter, we review the main data concerning the 
impact of miRNAs in HCC progression and the therapies based on miRNAs, which 
proceed from this molecular deciphering.  

  Fig. 8.2     MicroRNA expression in physiological and pathological conditions . For more details, 
see the text.  ALD  alcohol-liver disease,  NAFLD  non-fatty acid liver disease,  NASH  non alcoholic 
steatohepatitis       
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3     MicroRNAs in Liver 

 Since the discovery of lin-4 in Caenorhabditis elegans in 1993 (Lee et al.  1993 ), 
miRNAs emerge as promising prognostic and diagnostic biomarkers, in particular 
in cancer. More than half of the genes encoding miRNAs are located in cancer- 
associated regions or fragile sites (Calin et al.  2004 ). Their abnormal expression 
contributes to the progression of tumors, in which they play an ambivalent role of 
tumor suppressor or oncogene (Babashah and Soleimani  2011 ). MiRNA expression 
is submitted to a great variety of genetic regulations, similarly to more “classical” 
genes, i.e. gene amplifi cation or deletion, promoter hypermethylation, translocation, 
single nucleotide polymorphism. A number of works based on a global analysis of 
miRNA expression in different types of tumors highlighted specifi c miRNA signa-
tures according to the cellular and tissular origin of the tumors (Lu et al.  2005 ; Volinia 
et al.  2006 ; Babashah et al.  2012 ). These recent years, a number of studies have 
shown the key role of miRNAs in liver organogenesis and also in liver tumor develop-
ment and/or progression (Ladeiro et al.  2008 ; Murakami et al.  2006 ) (Fig.  8.3 ).

   The role of miRNAs in liver physiology and pathology has been supported by 
two works of Sekine et al., which showed by a transgenic mouse model that the 
deletion of Dicer, the crucial protein involved in miRNA maturation, results in a 
loss of liver zonation and the appearance of tumors (Sekine et al.  2009a ,  b ). 
Thereafter, a number of studies has highlighted the preponderant role of a panel of 
miRNAs in embryonic liver development, whose the great majority are deregulated 
in hepatic diseases like alcoholic liver disease (ALD), non-alcoholic steatohepatitis 
(NASH) and fi brotic processes, all pathologies predisposing to HCC, and in HCC 
themselves (Fig.  8.3 ) [(Wang et al.  2012 ) for a review].  

  Fig. 8.3    Number of publications concerning liver cancer and miRNAs referenced in PUBMED 
in February 2013       
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4     Main MicroRNAs Involved in Liver Metabolism 

 MicroRNA expression in the liver changes during its development: in the adult liver 
in addition to miR-122, other miRNAs such as miR-21, miR-29a, miR-194 and the 
let-7 family are also abundant, while miR-92a and miR-483 are expressed in the 
fetal liver (Girard et al.  2008 ). Due to the central metabolic function of liver, it is not 
surprising that hepatic miRNAs mainly target metabolic enzymes and in conse-
quence fi nely regulate these processes. 

4.1     MiR-122 

 MiR-122 is the most abundant miRNA in liver (70 % of liver miRNAs). It is a target 
of the transcription factor HNF-4α, a master regulator of hepatocyte differentiation. 
MiR-122 is involved in iron and lipid metabolisms and cholesterol synthesis 
[(Vaulont  2011 ; Wen and Friedman  2012 ) for reviews]. This miRNA targets cyclin 
G1, a protein involved in G2/M cell cycle arrest in response to DNA damages 
(Gramantieri et al.  2007 ), and the anti-apoptotic molecule Bcl-w (Lin et al.  2008 ). 
In addition, miR-122 is used by hepatitis C virus for its replication. That is the 
reason why the fi rst therapeutic strategy based on miRNA inhibition in liver was 
the anti-miR-122, Miravirsen, which succeeds in the treatment of chronic hepatitis 
C virus in primates (Lanford et al.  2010 ) and in humans (Janssen et al.  2013 ).  

4.2     MiR-370 

 MiR-370 has been also described as a key regulator of cholesterol and lipid metabolism. 
Iliopoulos et al. fi rstly showed that the over-expression of a dominant negative form 
of c-Jun leads to an up-regulation of miR-370 correlated to a down-regulation of 
carnitine palmitoyl transferase-1 (CPT-1), which ends to impair fatty acid oxidation 
(Iliopoulos et al.  2010 ). The authors also demonstrate in hepatic cell culture that 
miR-370 up-regulates miR-122 and SREBP-1c expression.  

4.3     MiR-33 

 MiR-33a/b are also key regulators of lipid metabolism and cholesterol traffi cking 
in cooperation with SREBP. By different approaches, three studies showed that 
miR- 33 regulates cholesterol effl ux and high-density lipoprotein formation through 
the targeting of Abca1 and Abcg1 (Marquart et al.  2010 ; Najafi -Shoushtari et al.  2010 ; 
Rayner et al.  2010 ). MiR33a/b also regulated the β-oxidation of fatty acids by the 
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binding to CPT-1 (Gerin et al.  2010 ). In addition, miR-33 can target AMPKα and 
thus increases the level of cholesterol, fatty acids and lipids in hepatocytes 
(Davalos et al.  2011 ).   

5     Main MicroRNAs Deregulated in Liver Pathologies 

 Due to their essential role in metabolic processes, it appears intuitive that the expres-
sion of the miRNAs described in the last paragraph is altered in chronic liver dis-
eases. In particular, a prolonged decrease in miR-122 expression is associated with 
non-alcoholic fatty liver disease (NAFLD), NASH and fi brosis (Alisi et al.  2011 ; 
Cheung et al.  2008 ; Tsai et al.  2012 ). In addition, a miRNA signature has been 
identifi ed for the different forms of liver diseases (see Fig.  8.2 ). 

5.1     MiR-155 in Alcoholic Liver Disease 

 MiR-155 is mainly expressed by Kupffer cells. Its over-expression in these cells, 
and also in hepatocytes, is observed in alcohol-fed mice. This induction is respon-
sible for the highest production of TNFα by Kupffer cells observed in patients with 
ALD (Bala et al.  2011 ). Recently, a study performed by the same team highlighted 
the presence of miR-155 into exosomes, a multiprotein structure secreted by 
mammalian cells, in a mouse model of ALD (Bala et al.  2012 ). This miRNA targets 
SOCS1, an inhibitor of signal transducer and activator of transcription 3 (STAT3)/
matrix metalloproteinase 9 (MMP9) cascade (Yan et al.  2013 ).  

5.2     MiRNA Deregulation in NAFLD and NASH 

 NAFLD is the most prevalent chronic liver disease in industrialized countries in 
expansion these recent years with the increase of obesity, leading to hepatic accu-
mulation of triglycerides in the absence of alcohol consumption. This pathology 
could be characterized by a simple steatosis but could also result to NASH. The 
impact of miRNAs in NAFLD has been fi rstly assessed on steatotic human L02 
hepatocytes cultured with high concentration of free fatty acids by Zheng et al. They 
correlate miR-10b over-expression with the triglyceride levels in L02 cells due to 
the targeting of the peroxisome proliferator-activated receptor α (PPARα) (Zheng 
et al.  2010 ). In mice fed with high-fat diet, Ahn et al. shows that a loss of miR-476b 
is associated with an increase in the lipoprotein lipase level (Ahn et al.  2011 ). 
Finally, a recent study performed on mice depleted for the low-density lipoprotein 
receptor fed with a high fat/western-type diet correlates the decrease in miR-216 
and miR-302a expression with NAFLD development (Hoekstra et al.  2012 ). 
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Concerning the alteration of miRNAs in NASH, a fi rst study of Cheung et al. on 
human samples reveals that miR-146b and miR-34a are induced in the liver of 
NASH subjects (Cheung et al.  2008 ). MiR-34a is a well-documented miRNA, 
which is a target of p53 and a key regulator of the NAD-dependent deacetylase 
Sirtuin-1. Sirtuin-1 inhibition leads to AMP Kinase dephosphorylation, HMG-
CoA reductase phosphorylation and hepatic cholesterol accumulation (Min et al. 
 2012 ). MiR-34a and miR-122 deregulation is also confi rmed in mice fed with 
methyl- defi cient diet. In this model, miR-155, miR-200b and miR-221 are found 
over- expressed, while miR-29c, miR-192 and miR-203 are down-regulated 
(Pogribny et al.  2010 ).  

5.3     MiRNAs in Fibrosis 

 NAFLD pathology can also progress to complications like liver fi brosis. Liver 
fi brosis consists to a remodeling of liver architecture mainly orchestrated by hepatic 
stellate cells. HSCs switch from a quiescent stage to myofi broblast-like cells. 
Activated HSC secrete ECM proteins, collagen and infl ammatory mediators in 
response to liver injury. HSC express two crucial miRNAs, miR-29 and miR-199. 
MiR-29 is a target of two infl ammatory pathways in liver, the NFkB and TGFβ 
pathway. It targets the anti-apoptotic bcl-2 and Mcl-1 molecules (Law and Wong 
 2011 ). In a mouse model of liver fi brosis induced by carbon tetrachloride, the family 
miR-29a/b/c is lost (Roderburg et al.  2011 ). MiR-199 is found in HSCs, and also in 
sinusoidal endothelial cells. Its expression is up-regulated during fi brosis. In 
particular, its expression and those of miR-200a/b are highly increased in human 
samples and in a mouse liver fi brosis model (Murakami et al.  2011 ). The miR-34 
family is also a crucial actor of liver fi brosis. Its expression is down-regulated in 
fi brotic liver induced by dimethylnitrosamine in rats (Li et al.  2011b ). 

 To conclude, these miRNAs deregulated in all hepatic disease predisposing to 
cancer, are also affected in liver tumors and in particular in hepatocellular carcinoma. 
These miRNAs could constitute potent early biomarkers for the initiation and 
progression of liver tumors. They could also be promising targets for the prevention 
and the treatment of HCC.   

6     MicroRNA Signature in Liver Tumors 

6.1     MiRNA Alteration in Hepatocellular Carcinoma 

 Besides the divergence in the results obtained by the authors due to the differ-
ences in samples, miRNA measurement and statistical analyses, the global analy-
sis of the miRNAs expressed in liver tumors highlighted a miRNA signature 
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common to all types of HCC. As mentioned previously, the great majority of 
miRNAs found deregulated in chronic liver diseases are also found deregulated 
in HCC. A loss of miR-122 (Ladeiro et al.  2008 ), miR-29 (Xiong et al.  2010 ), 
and miR-199 (Hou et al.  2011 ) has been identifi ed in HCC (Fig.  8.2 ). In addition, 
other miRNAs with a tumor suppressive role have also been largely described. We 
could cite: Let-7 (Lan et al.  2011 ), miR-101 (Su et al.  2009 ) and miR-124 (Furuta 
et al.  2010 ). Inversely, some oncogenic miRNAs have been also identifi ed: miR-155 
(Yan et al.  2013 ), miR-21 (Meng et al.  2007 ), miR-221/miR-222 (Pineau et al. 
 2010 ), miR-181 (Wang et al.  2010 ), miR-224 (Wang et al.  2008 ), and the miRNA 
cluster miR-17/92 (Yang et al.  2010 ) (Fig.  8.2 ) [(Huang and He  2011 ; Law and 
Wong  2011 ) for reviews]. 

 All these miRNAs participate to apoptosis (Table  8.1 ). The mitochondrial 
apoptotic pathway is particularly induced through the increase expression of 
anti- apoptotic actors [i.e. Mcl-1 targeted by miR-101 (Su et al.  2009 ), and miR-
29 (Xiong et al.  2010 ), bcl-w targeted by miR-122 (Lin et al.  2008 ), bcl-2 by 
miR-29 (Xiong et al.  2010 )], and inversely through the inhibition of pro-apop-
totic mediators [i.e. Bmf inhibited by miR-221 (Gramantieri et al.  2009 ), and 
Bim by miR-25 (Li et al.  2009c )]. MiR-221/222 can also confer resistance to the 
extrinsic apoptotic pathway dependent on TNF-related apoptosis induced ligand 
(TRAIL) (Garofalo et al.  2009 ). These miRNAs also regulate the tumor growth 
through the modulation of many cell cycle actors, in particular miR-122 targets 
cyclin G1 (Gramantieri et al.  2007 ), miR-221 regulates p27 (le Sage et al.  2007 ) 
and p57 (Fornari et al.  2008 ), miR-124 represses the cyclin-dependent kinase 6 
(Furuta et al.  2010 ). Finally, all these miRNAs can also alter the survival of 
tumor cells by the targeting of receptor tyrosine kinase pathways like the ERK 
pathway targeted by miR-101 (Li    et al.  2009b ), and let-7c (Shah et al.  2007 ), the 
c-MET-activated pathway by miR-34a (Li et al.  2009a ), or the PI3K/AKT path-
way repressed by miR-21 (Meng et al.  2007 ), and miR-221/222 (Garofalo et al. 
 2009 ; Wong et al.  2010 ).

   MiR-221 is one of the miRNAs, for which the role in the development and the 
progression of liver cancer is the best-described. As mentioned before, this miRNA 
is induced during fi brosis and chronic liver disease. Number of studies showed its 
induction in HCC samples (Fornari et al.  2008 ; Garofalo et al.  2009 ; Gramantieri 
et al.  2009 ; le Sage et al.  2007 ; Pineau et al.  2010 ; Wong et al.  2010 ). MiR-221 is 
also reduced in cholangiocarcinoma, epithelial tumors emerging from biliary cells 
(Karakatsanis et al.  2013 ). The main targets of miR-221/222 in HCC are the tumor 
suppressor p27, p57, PTEN and the inhibitor of metalloproteinase TIMP-3.  In vivo  
experiments are currently performed to test its invalidation in mice; this aspect will 
be developed at the end of this chapter. Another well-studied miRNA in HCC is 
miR-21. This miRNA is induced in tumor cells (Karakatsanis et al.  2013 ; Zhu et al. 
 2012 ), as well as in liver cancer stem cells (Li et al.  2010b ), and in cholangiocarci-
noma samples (Karakatsanis et al.  2013 ; Selaru et al.  2009 ). Interestingly, miR-21 
can be detected in patient sera, a part that we will detail in the next paragraph. It thus 
constitutes a potent biomarker for HCC diagnosis (Xu et al.  2011a ; Zhou et al. 
 2011 ); in particular, miR-21 is a marker of necroinfl ammation for HCC developed 
during hepatitis C virus infection (Bihrer et al.  2011 ). 
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 Finally, Cairo et al. ( 2010 ) have identifi ed two clusters of miRNAs (miR-100/
let-7a-2/miR-125b-1 and the cluster miR-371-3), which are targets for the oncogene 
MYC, as a bad prognosis factor in liver tumors. By the measurement of the four 
miRNAsmiR-100, miR-371, miR-373 and let-7a, the authors are able to discriminate 

Proliferation Apoptosis Migration/invasion
SerumPro- Anti- Pro- Anti- Pro- Anti-

miR-18a
(ERα) (Liu 
et al. 2009)

Let-7 (c-myc)
(Lan et al.
2011)

Let-7 (bcl-
xL) (Shimizu
et al.  2010)

miR-221
(Bmf)
(Gramantieri
et al. 2009)
miR-224 (API-
5) (Wang et al.
2008)

miR-143
(FNDC3B)
(Zhang et al.
2009)

Let-7 (COLA12)
(Ji et al.

2010)

Let-7c (Li et al.
2010a)

miR-21
(PTEN) (Meng
et al. 2007)

miR-1 (FOXP1,
HDAC4)

(Datta et al.
2008)

miR-101
(Mcl-1)

(Su et al.
2009)

miR-151
(RhoG DIA)
(Ding et al.
2010)

miR-1 (c-MET)
(Datta et al.

2008)

miR-17-5p
(Zheng et al.
2012)

miR-93
(E2F1) (Li et
al. 2009c)

miR-122 (cyclin
G1,IGFR1)
(Gramantieri 
et al. 2007;
Lanford et al.
2010)

miR-122
(bcl-w) (Lin
et al.  2008)

miR-25 (Bim)
(Li et al.
2009c)

miR-181b
(TIMP3)(Wang
et al.  2010)

miR-9-2 (e-
cadherin)

(Tan et al.
2010)

miR-18a
(Li et al.  2012)

miR-106b 
(p21) 
(Li et al. 
2009c) 

miR-124
(SMYD3,cdk6)
(Furuta et al.
2010;
Hatziapostolou
et al. 2011)

miR-203
(ABCE1)
(Furuta et al.
2010)

miR-21
(PTEN) (Meng
et al.  2007)

miR-101 (FOS)
(Li et al.

2009b)

miR-122
(Xu et al.
2011a,b)

miR-221/222
(p27, p57)
(Fornari et al.
2008; Park 
et al. 2011)

miR-26 (cyclin
D2, E2) (Kota 
et al.  2009)

miR-29
(Mcl-1, bcl-
2) (Xionget
al.  2010)

miR-221/222
(PPP2R2A)
(Garofalo et al.
2009; Wonget 
al.  2010)

miR-122
(ADAM10,17)

(Tsai et al.
2012)

miR-15b
(Liu et al.
2012)

miR-195 (cyclin
D, cdk4/6,
E2F1) (Xu et al.
2009)

miR-30d
(Gαi2)

(Yao et al.
2010)

miR-124 (VIM)
(Furuta et al.

2010)

miR-130b
(Liu et al.
2012)

miR-199
(mTOR)
(Fornari et al.
2010)
miR-223
(Stathmin1)
(Wong et al.
2008)

miR-17-5p
(p38) (Yang et
al.  2010)

miR-199 (c-
MET) (Fornari
et al.  2010)

miR-183
(Liu et al.
2012)

miR-23b (uPA,
c-MET)

(Salvi et al.
2009)

miR-21
(Bihrer et al.
2011; Xu et al.
2011a)

miR-375 (YAP)  
(Liu et al.

2010) 

miR-34a (c-MET) miR-25
(Li et al.  2010a)

miR-221 (Li et
al.  2011a)
miR-223 (Xu et
al.  2011a)
miR-224 (Li et
al.  2011a)
miR-375(Li et
al.  2010a)
miR-34a
(Cermelli et al.
2011) 

(Li et al.  2009a)
miR-375 (YAP)
(Liu et al.  2010)

       Above table compiled all the data concerning the miRNAs described to interfere with proliferation, 
apoptosis, migration and invasion of HCC tumors. The miRNAs listed here are at least cited by two 
independent works and their targets are clearly identifi ed. The miRNAs, which could be detected 
in the patient serum, are listed in the last column. The miRNAs written in bold are those for which 
a therapeutic strategy anti-miRNA has been tested in HCC; the miRNAs written in red are those 
for which a mimic strategy has been administered to animals  

    Table 8.1    Role of microRNAs deregulated in hepatocellular carcinoma  
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on a large cohort of patients, the tumor samples from HCC patients with tumor 
properties very closed to hepatoblastoma, the most common primitive liver tumor 
in child; this subtype of HCC are less differentiated and more invasive. This work 
supports the existence of a miRNA signature common to hepatoblastoma and HCC, 
and highlights the great interest of this signature of four miRNAs for the prognosis 
and the treatment of both tumors. 

 Despite the identifi cation of a common miRNA signature for HCC samples, 
other miRNAs are specifi c of a class of tumor. A loss of miR-375 is characteristic 
of tumors mutated for the β-catenin, while miR-126* is lost in HCC developed 
after alcohol abuse, and miR-96 is associated to hepatitis B virus infection 
(Zucman- Rossi  2010 ). The miRNA miR-18a is also a very interesting marker in 
HCC. Indeed, HCC is more prevalent in men (by 2–6-fold), and the women with 
HCC have a longer life expectancy. This suggests the importance of sex-depen-
dent molecular mechanisms in HCC progression, which could be notably linked 
to estrogens. MiR- 18a is, in fact, a regulator of the estrogen receptor α (ERα), 
which is over-expressed in HCC samples from woman patients. It thus appears 
that the over-expression of miR-18a is associated with a loss of the protective 
effects of estrogen for these women (Liu et al.  2009 ). In addition, this miRNA 
has been recently described as a serum biomarker for HCC due to HBV infection 
(Li et al.  2012 ). 

 Finally, some works also showed that this miRNA panel could constitute a pre-
dictive tool to follow the tumor response to surgery or chemotherapeutic treat-
ments. In this way, miR-122 sensitizes HCC cells to adriamycin and vincristine 
(Xu et al.  2011b ), while miR-199a-3p affects cell sensitivity to doxorubicin and 
5- fl uorouracil (Fornari et al.  2010 ).  

6.2     MiRNA Expression in HCC Patient Sera 

 As we suggested before, miRNAs not only constitute potent biomarkers in tumor 
cells, but they could also be detectable in various biological fl uids like serum, 
plasma, urine or saliva. Circulating miRNAs could be associated to proteins or 
encapsulated into exosomes. Conde-Vancells et al. ( 2008 ) deciphered the proteome 
of exosomes secreted by hepatocytes. Many of the proteins were previously 
described to be present in exosomes secreted by various cells (i.e. CD81 or CD63), 
while others are only expressed in hepatocytes-derived exosomes, and involved 
in the liver-specifi c functions of lipid, carbohydrate and xenobiotic metabolism. 
To date, there are few data concerning the miRNA content of exosomes derived 
from any type of liver cells, or the characterization of their functional impact on 
the recipient hepatic cells. In 2009, a work showed that exosomes purifi ed from 
bile are able to stimulate the growth of SEC cells, due to the presence of hedgehog 
in these exosomes (Witek et al.  2009 ; Yang et al.  2008 ). For various types of 
tumors, it has been shown that miRNA expression could be altered in patient 
sera and in particular for HCC. Although there are some divergence concerning 
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the discriminating miRNAs identifi ed in patient sera, some miRNAs deregulated in 
HCC are over-expressed in HCC patient sera: miR-21, miR-221/222 and miR-122 
(Li et al.  2011a ; Xu et al.  2011a ; Zhou et al.  2011 ). The reason why miR-122 is 
decreased in liver tumors and increased in patient sera is not elucidated yet. 
Recently, Liu et al. argue for the measurement of miR-15b and miR-130b in serum 
for the diagnosis of HCC (Liu et al.  2012 ). By this method, the authors could detect 
early stage HCC that could not be discriminated by α-fœtoprotein measurement. 
The detection of miRNAs in body fl uids could be a great advantage for the diagno-
sis and the treatment of HCC, and also for other pathologies, since it could consti-
tute a non-invasive tool.  

6.3     MiRNA Expression in Metastatic HCC 

 In addition to the identifi cation a specifi c miRNA signature in tumors, a number of 
works aimed to identify a miRNA signature in metastatic HCC. Divergent results 
were obtained probably due to divergence in the sampling and the data analysis. 
Although a recent work of Wong et al. ( 2012 ) is in favor of a more pronounced 
alteration of the same panel of miRNAs in metastases as compared to the tumors, a 
study of Budhu et al. ( 2008 ) showed the existence of a miRNA signature of 20 
metastatic miRNAs. Numbers of studies concerning only one miRNA have now 
enriched the deep-sequencing data, and it appears that metastatic HCC express 
some miRNAs found deregulated in HCC like miR-122 (Tsai et al.  2012 ), miR-124 
(Budhu et al.  2008 ), miR-17 (Yang et al.  2010 ), let-7g (Ji et al.  2010 ), miR-21 (Zhu 
et al.  2012 ), miR-221 (Wong et al.  2010 ) or miR-143 (Zhang et al.  2009 ), but the 
authors also identifi ed an alteration of other miRNAs, i.e. miR-9-2 (Tan et al.  2010 ), 
miR-148a, miR-125b, miR-30a (Budhu et al.  2008 ), or miR-34a (Li et al.  2009a ) 
(Table  8.1 ). Some of these miRNAs have been described as promoters of metas-
tasis. As we mentioned previously, miR-221 and miR-222 target the tumor suppres-
sor TIMP3, and thus activate the AKT pathway and metalloproteinases to induce 
HCC invasion and metastasis (Garofalo et al.  2009 ; Wong et al.  2010 ). TIMP3 is 
also a target of miR-181b, which is induced by TGFβ in HCC (Wang et al.  2010 ). 
MiR-181b induction results in MMP2 and MMP9 activation, also induced by miR- 
21, another miRNA induced in metastatic HCC. More recently, it has been shown 
that miR-143 exerts a pro-metastatic activity  in vitro  and  in vivo . MiR-143b targets 
the fi bronectin type III domain containing 3B (FNDC3B) (Zhang et al.  2009 ). This 
miRNA is induced by NFκB in metastatic HBV-related HCC. Inversely, there are 
also anti-metastatic miRNAs, i.e. miR-122, which suppresses intrahepatic metasta-
sis through the inhibition of disintegrin and metalloprotease ADAM10 and ADAM17 
(Bai et al.  2009 ). Let-7g was also found impaired in metastatic HCC. Transfection 
of let-7g inhibited cell migration and this antimetastatic effect is reduced by the 
addition of type I collagen alpha2 (Ji et al.  2010 ). Finally, the main signaling path-
way targeted by miRNAs currently deregulated in HCC is the c-MET activated 
pathway. c-MET activation stimulates cell motility and invasion, and protects cells 
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from apoptosis. c-MET is regulated by miR-1, miR-23b, miR-34a and miR-199a-3p, 
four miRNAs altered in HCC. Silencing of miR-1 inhibits HCC growth and inva-
sion by the targeting of c-MET (Datta et al.  2008 ). MiR-34a can decrease c-MET 
mRNA and protein level and impair the invasive capacity of HepG2 cells (Li et al. 
 2009a ). Finally, miR-23b is also able to decrease c-MET and the urokinase-type 
plasminogen activator (uPA) to reduce the proliferation and migration properties of 
HCC cells (Salvi et al.  2009 ).   

7     MicroRNAs and HCC Microenvironment: 
Role in Infl ammation 

 The tumor microenvironment is an expending domain, which not only considers 
the behavior of cancer cells alone, but also integrates the surrounding cells. This 
dynamic system is largely orchestrated by infl ammatory cells like immune cells, 
fi broblasts and myofi broblasts, the cytokines and chemokines they secrete and also 
the extracellular matrix. Liver cancer constitutes a good example in which the 
microenvironment plays a crucial role in the progression of the disease due to its 
chronic infl ammation. The HCC microenvironment is a complex and intricate 
system composed of various cells, i.e. cancer-associated fi broblasts, hepatic stellate 
cells, tumor-infi ltrating leukocytes, endothelial cells, hepatoma cells and tumor 
associated macrophages [(Leonardi et al.  2012 ) for a review]. All these cells secrete 
a cocktail of growth factors (HGF, EGF, FGF, TGFβ), cytokines (IL-6, IL-8, IL-4, 
IL-10, TNFα) and chemokines (CCL17, CCL22, CCL24), which all orchestrate 
immune response to liver injury (Fig.  8.4 ).

   The transforming growth factor β plays a key and paradoxical role in carcino-
genesis. In liver, it has been shown that TGFβ plays crucial roles at different 
steps of liver pathogenesis including cirrhosis (Matsuzaki  2009 ), HBV and HCV 
infection (   Marotta et al.  2004 ) and tumorigenesis (Massague  2008 ). TGFβ exerts a 
tumor suppressive activity in the premalignant state but could also promote tumor 
progression, through the repression of immune surveillance and through increase in 
tumor cell proliferation, migration and invasion. As mentioned before, TGFβ 
induces miR-181b, a process blocked by SMAD4 silencing, and this promotes cell 
survival, mobility and invasion (Wang et al.  2010 ). TGFβ also induces the cluster of 
miRNAs, miR-23a, miR-27a and miR-24 to promote cell proliferation and invasion 
(Huang et al.  2008 ). A recent work of Yang et al. ( 2012 ) has shown that TGFβ 
represses the expression of miR-34a resulting in CCL22 production to recruit of 
lymphocyte T regulators leading to immune escape in HBV-related HCC. The axis 
TGFβ/miR-34a/CCL22 thus promotes venous metastasis in this type of HCC. TGFβ 
is also required for HSC activation during fi brogenesis (Liu et al.  2006 ). Recently, 
miR-146a has been described as a modulator of TGFβ-1 dependent activation of 
HSC. The interleukin-6 is also a crucial mediator in liver cancer progression. 
Its level is increased during cirrhosis (Tilg et al.  1992 ), and a high serum level of 
IL-6 is a risk factor and a factor of bad prognosis for HCC (Nakagawa et al.  2009 ; 
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Wong et al.  2009 ).A recent work of Iliopoulos’ lab highlights a circuit orchestrated 
by miRNAs that results in liver tumorigenesis and infl ammation. This feedback 
loop, governed by miR-24 and miR-629, promotes a HNF-4α transient inhibition 
resulting in miR-124 induction and STAT3 activation. The authors described the 
interconnection between the trio miR-24/miR-629/miR-124 and HNF-4α as a key 
regulator of HCC progression by limiting the tumor infl ammatory environment 
through the inhibition of the IL-6/STAT3 pathway, predisposing a patient to liver 
cancer development and immune escape (Hatziapostolou et al.  2011 ). The level of 

  Fig. 8.4    MicroRNA network involved in liver infl ammation. For more details, see the text       
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interleukin- 6 has also been inversely correlated to miR-26 expression in HCC (Ji 
et al.  2009 ). Patients with a low level of miR-26 and inversely a high level of IL-6 
have a lower survival but are also better responders to IFNα treatment, suggesting 
that this miRNA could be a predictive marker for patient response to IFNα treatment. 
In this study, NFκB expression has also been inversely correlated to miR-26 level. 
NFκB is a transcription factor induced in response to TNFα. It plays an essential 
role in liver homeostasis by preventing hepatocyte death. As mentioned before, 
NFκB regulates a number of miRNA deregulated in HCC i.e. miR-155 and miR-143 
(Zhang et al.  2009 ). NFκB has also been demonstrated as a regulator of miR-224, a 
miRNA up- regulated in HCC. NFκB binding on miR-224 promoter is signifi cantly 
induced in response to TNFα and LPS (Scisciani et al.  2012 ). The IKK inhibitor 
BMS-345541 blocks pre-miR-224-induced cellular migration and invasion. NFκB 
is also a key regulator of HSC activation through the regulation of miR-222. MiR-
222 induction in HSC during liver fi brosis in response to TNFα and TGFβ is abro-
gated by a NFκB inhibitor (Ogawa et al.  2012 ). Inversely, some miRNAs regulate 
NFκB expression or activity: the miRNA miR-491-5p controls NFκB level and 
sensitizes hepatoma cells to TNFα-induced apoptosis (Yoon et al.  2010 ), while 
miR-140 suppresses NFκB activity through the inhibition of its coactivators NRP1 
and NCoA1 (Takata et al.  2011 ). Last years, a work of Boesch-Saadatmandi 
et al. ( 2012 ) shows that the anti-infl ammatory molecule, querceptin, which reduces 
NFκB activity through the targeting of redox factor 1, induces miR-122 and miR-
125b expression, resulting in the reduction of liver infl ammation in mice. 

 Finally, miR-199 appears as a central regulator of HCC progression but also of 
liver fi brosis and hypoxic stress. As mentioned before, miR-199 is decreased in 
HCC in correlation with its aggressiveness and invasiveness, and thus constitutes a 
potential predictive marker (Fornari et al.  2010 ; Hou et al.  2011 ). As previously 
mentioned, miR-199 is also up-regulated in HSC cells during fi brogenesis 
(Murakami et al.  2011 ). Lee et al. ( 2012 ) suggests that the farnesoid X receptor 
FXR decrease in liver during fi brotic process leads to miR-199 induction and LKB1 
reduction.miR-199 also controls hypoxia, which affects tumor and stromal cells, 
and enhances proliferation, metastasis and resistance to treatment of HCC. The loss 
of miR-199b has been directly linked to hypoxia-induced factor 1α (HIF-1α) activa-
tion in HCC samples (Wang et al.  2011 ). MiR-199b transfection into HCC cells 
inhibits cell proliferation during hypoxia and restores their radiosensitivity. 
Recently, the cluster miR-199a/miR-214 has also been identifi ed as a key orchestrator 
of HCC progression in response to endoplasmic reticulum stress (Duan et al.  2012 ). 
The authors showed that the expression of these miRNAs is suppressed in response 
to unfolded protein response-induced hypoxia, and this is repressed by NFκB 
inhibition. 

 To conclude, as supported by all these data, miRNAs constitute potent biomarkers, 
which can be very useful to improve the classifi cation of HCC, its diagnosis and the 
prediction of its response to treatment. A non-invasive diagnostic tool based on 
miRNAs is also possible, by blood or urinary sampling, even if an improvement of 
their detection in body fl uids is required. Finally, tumoral miRNAs also emerge as 
promising therapeutic targets, as we will develop in the next part of this chapter.  
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8     MicroRNAs in Liver: A New Therapeutic Approach 

 Although numerous efforts have been conducted to improve HCC treatment, surgery 
is still nowadays the most frequent therapeutic option. Sorafenib, an inhibitor of 
receptors tyrosine kinase, is the unique drug accepted by FDA for the treatment of 
liver cancer. It has only enhanced the patient life expectancy of 3 months. MiRNAs 
appear as promising therapeutic targets since they could target different signaling 
pathways by their multiplicity of action. Above all, miRNA-based therapy could 
target in the same time the metabolic, infl ammatory and immune counterparts of 
liver tumors responsible for the development and progression of HCC. 

 Following the identifi cation of a panel of microRNAs deregulated in HCC, a 
number of works have been conducted to restore the expression of these miRNAs, 
initially  in vitro  and then  in vivo  (Table  8.1 ). The  in vitro  experiments on cell lines 
gave encouraging results, which support the potent effect of an administration of 
miRNA-based therapies to mice. A number of mouse models mimicking liver 
disease, and particularly HCC, have been developed these recent years (Heindryckx 
et al.  2009 ). Chemically induced tumor models, i.e. following diethylnitrosamine 
(Hacker et al.  1991 ) or carbon tetrachloride injection (Weisburger  1977 ) are 
frequently used. Some teams also work on xenograft models following ectopic or 
orthotopic implantation. Alternatively, various mouse models have been genetically 
created to model the different subtypes of HCC, following the introduction of a viral 
gene (Araki et al.  1989 ), or the activation of the oncogenes myc (Thorgeirsson and 
Santoni-Rugiu  1996 ) or β-catenin (Colnot et al.  2004 ). More recently, these miRNA-
based therapies have been successfully tested in primates and in patients. 

 As we mentioned at the beginning of this chapter, an anti-miR-122, called 
Miravirsen, based on the locked nucleic acid technology (LNA), was the fi rst therapy 
to enter into clinical trials in 2008 to treat HCV. A LNA is a nucleic acid chemically 
modifi ed by the addition of a methylene bridge in the ribose. This modifi cation 
increases the LNA affi nity for its target and also its stability. The LNA becomes 
resistant to nuclease degradation. The fi rst works performed in mouse and primates 
infected with hepatitis C virus suggest an absence of toxicity for Miravirsen. This 
anti-miR-122 successfully impairs the level of viral RNAs in plasma, since HCV 
uses liver miR-122 for its replication (Lanford et al.  2010 ). Recently, encouraging 
data were obtained in patients infected with chronic HCV. Miravirsen successfully 
decreases the level of virus RNAs and of plasmatic cholesterol (Janssen et al.  2013 ). 
Another type of inhibitors has also been tested  in vivo , the antagomiRs. An inhibitor 
against miR-221 has been tested in a mouse model, and successfully delays HCC 
development (Park et al.  2011 ). An antagomiR presents a sequence complementary 
to the whole sequence of the miRNA of interest, in contrast to a LNA, which only 
hybridizes with a part of the miRNA sequence. It induces the sequestration or the 
degradation of its miRNA target. To improve the antagomiR stability  in vivo , 
some chemical modifi cations have been added, i.e. an addition of 2′-O-methyl 
or 2′-O-methoxyethyl (MOE) group, or creation of a phosphorothioate backbone. 
In 2010, Rosetta Genomics Ltd. developed a systemic 2′MOE-antagomiR against 
miR-191, frequently over-expressed in HCC. The orthotopic xenograft mouse 
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model study demonstrates that a marked suppression of a microRNA, miR-191, 
leads to a signifi cant two-fold decrease of tumor mass due to reduction of cancer- cell 
proliferation and enhanced apoptosis (Elyakim et al.  2010 ). These recent years, a 
new class of inhibitors appears the tiny-LNAs. Due to their shorter sequence, these 
LNAs have a better tissue distribution and can inhibit an entire family of miRNAs. 
A tiny-LNA directed against miR-122 showed a better effi ciency in liver cells and 
 in vivo  as compared to LNAs (Obad et al.  2011 ). 

 The second approach based on miRNA consists to restore miRNA expression 
thanks to a double strand RNA, mimicking the activity of the endogenous miRNA, 
and, so, called “mimic”. The administration of a mimic of miR-26 with an adenovirus 
vehicle in a mouse model of HCC mutated for the oncogene MYC, successfully 
abrogates cancer-cell proliferation and tumor development in correlation with a loss 
of cyclin E 2  and D 2  in tumors without toxic effect in the remaining liver (Kota et al. 
 2009 ). In the same way, the work of Hatziapostolou et al. ( 2011 ), supporting the 
crucial role of the trio miR-24/miR-629/miR-124 in IL-6-dependent infl ammation 
in HCC induced by diethylnitrosamine, shows the effi ciency of an administration of 
a mimic of miR-124 encapsulated into liposomes in this mouse model of HCC. 
Finally, the miRNA therapeutics company, dedicated to develop mimic-based thera-
pies, has created liposomes containing a mimic of miR-34a, called miRX34. This 
mimic formulation is currently in clinical trials for solid tumors, and in particular 
for liver tumors. They showed that in a model of human HCC grafted to mouse, 
miRX34 signifi cantly improved mouse survival. This company also begins the 
preclinical trials for a mimic let-7g in liver tumors (  www.mirnatherapeutics.com    ). 

 Despite promising results obtained for miRNA-based therapies, a number of 
challenges remained to date to improve the effi ciency of this type of treatments. 
Their inconvenient are similar to those which have delayed the use of therapies 
based on small interfering RNAs: improvement of their stability, free administration 
or delivery encapsulated into nanoparticules or exosomes, problems of specifi city, 
off-targets or targeting of non-identifi ed mRNAs, tissue distribution, response per-
sistence, and secondary effects.  

9     Conclusions 

 Since their discovery in 1993, the study of miRNAs is an expanding domain that 
allows the identifi cation of a miRNA signature for a great variety of tumors and in 
particular for liver tumors. The better knowledge of the panel of miRNAs deregu-
lated in liver disease and notably in hepatocellular carcinoma is in favor of the use 
of miRNAs as potent tools for diagnosis, prognosis and treatment of HCC patients. 
Interestingly, miRNAs integrate all the counterparts of liver tumorigenesis, whether 
infl ammation, hypoxia, immune escape as well as tumor cell proliferation, migra-
tion and invasion. Although a great number of studies help to decipher the different 
targets of one miRNA of interest, the main challenge for the future remains to better 
understand how the different targets of each miRNA interact in one pathology and 
how a mRNA, targeted by different miRNAs, behave in this context.     
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    Abstract     The signaling pathways have been demonstrated to invariably alter in 
controlling cell growth and differentiation in cancers. The understanding of complex 
signalings in tumorigenesis has led to the development of tumor-specifi c, molecularly 
targeted agents against a wide variety of human cancers. Recently, numerous microR-
NAs (miRNAs) has been identifi ed as having an oncogenic or tumor suppressor 
property, shown to be involved in cell proliferation, differentiation, apoptosis, and 
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radio- or chemo-sensitivity in cancers. Importantly, a growing body of studies has 
demonstrated that some of the miRNAs function as important modulators in cellular 
pathways and they appear to play pivotal roles in tumorigenesis, as well as the radio-
resistance and/or chemo-resistance to cancer therapy regimens, suggesting miRNAs 
may be potential novel anticancer targets for cancers. However, the mechanisms 
that miRNAs target these pathways remains fragmentary, it is therefore critical to 
understand the underlying mechanisms and to identify targets for therapeutic inter-
vention. This chapter aims to discuss the current understanding of mechanisms that 
miRNAs integrate the activity of regulatory pathways in tumorigenesis, mainly 
focuses on the miRNAs those target several well-defi ned signaling pathways with 
potential targets for developing anticancer agents,  including the Wnt/ß-catenin, 
mTOR/Akt/PI3K, EGFR, VEGF and KRAS pathways.  

  Keywords     MicroRNA   •   Cancer target   •   Wnt signaling   •   mTOR pathway   • 
  EGFR   •   KRAS   •   VEGF  

1        Introduction 

 Cell signaling is an important communicating system that governs basic cellular activi-
ties and coordinates cell actions. Alterations in the cellular signaling pathways have 
been suggested to be responsible for diseases including cancers. The cancer cells are 
able to gain functions to proliferate independently of exogenous signals and to evade 
mechanisms that limit cell proliferation, such as apoptosis and replicative senescence 
(Grant  2008 ; Martin  2003 ), which implies that targeting of cellular signals may be a 
novel strategy for developing anticancer agents. Indeed, numerous currently investi-
gated potential targets for cancer therapy are signaling proteins of these pathways. 

 MicroRNAs (miRNAs, miRs) are a class of small non-coding RNA that impact gene 
expression by post-transcriptional arrest or direct degradation of mRNA. By using the 
deep sequencing technology, over thousands of miRNAs have been discovered during 
last decade (Schmitz and Wolkenhauer  2013 ). The miRNAs have been suggested to be 
involved in many unexpected biologic processes, ranging from development and 
homeostasis to diseases such as cancers. Since miRNAs have been found to frequently 
resided at fragile sites and genomic regions that are deleted or amplifi ed in cancers, 
together with increasing number of studies that has manifested the alteration of miRNA 
expression profi les and dysregulation of miRNA expression in a broad range of cancers, 
implicating that they may act as key players in diverse processes of human tumorigen-
esis, from the oncogene expression to the metastasis of cancer, in which miRNAs acted 
as tumor suppressor or oncogene (Babashah and Soleimani  2011 ; Lu et al.  2005 ; Inui 
et al.  2010 ; Cho  2012 ; Hoshino and Matsubara  2013 ; Rossbach  2012 ). 

 miRNAs impact on mammalian cell apoptosis, proliferation, differentiation, devel-
opment, and metabolism through a mechanism of regulating critical signaling proteins, 
the processes are dose-sensitive and the fi ne-tuning, suggesting miRNA are prime can-
didates for regulation of signaling pathways (Inui et al.  2010 ). The increasing evidence 
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of cellular cofactors impacting miRNAs has made them as attractive diagnostic 
markers and therapeutic targets for cancers. Furthermore, the understanding of under-
lying mechanism of miRNA in cancer-related signaling pathways may also offer 
broader pathogenic insight into basic processes of tumorigenesis. 

 The dysregulation of several cellular signaling pathways, such as the  Wnt/ß- catenin, 
mammalian target of rapamycin (mTOR)/protein kinase B (Akt)/phosphatidylinositol 
3-kinase (PI3K), epidermal growth factor receptor (EGFR), vascular endothelial growth 
factor (VEGF) and KRAS pathways have been broadly recognized to play pivotal roles 
in human tumorigenesis, and increasing number of  miRNAs have been defi ned as key 
players in the regulation of these signaling pathway in many types of cancer (Anton 
et al.  2011 ; Liu et al.  2011 ; Laplante and Sabatini  2012 ; Mabuchi et al.  2009 ; Hua et al. 
 2006 ; Sasahira et al.  2012 ; Mosakhani et al.  2012a ,  b ; Weiss et al.  2008 ). In this chapter, 
we discuss the crosstalk between miRNAs and Wnt/ß-catenin, mTOR/Akt/PI3K, 
EGFR, VEGF, or KRAS pathways in tumorigenesis, uncovering the complex interplay 
between the miRNAs and their targeting signaling proteins will allow us to better under-
stand the integrated  functions of miRNAs in signal transduction cascades and develop 
novel targets for cancer therapy.  

2     MicroRNAs and Wnt/ß-catenin Pathway 

 The Wnt signaling pathway is comprised of canonical and non-canonical signaling 
pathways. The canonical pathway is also referred as Wnt/ß-catenin signaling  pathway, 
in which the Wnt ligands bind to a complex of FZD and LRP5/6 of cell membrane, 
and result in the formation of a multiprotein complex of adenomatous polyposis coli 
(APC), glycogen synthase kinase 3ß and axins, which in turn, prevent ß-catenin phos-
phorylation and degradation by proteasome in cytosol, thereby  accumulating ß-catenin 
to translocate into the nucleus where it binds to the transcriptional factor, T-cell factor 
(TCF)/lymphocyte enhancer transcription factor-1 (Lef-1) to activate target genes 
involved in cell survival, proliferation, differentiation, apoptosis and/or invasion 
(Clevers  2006 ; Cselenyi et al.  2008 ). A large body of evidence demonstrates that Wnt/
ß-catenin signaling plays a central role in tumorigenesis, epithelial-mesenchymal 
transition (EMT) and metastasis of many types of cancer (Zhang et al.  2013 ; Valenta 
et al.  2012 ). Accumulating evidence revealed that the alteration of miRNA expression 
was connected to dysregulation of several signal pathways, including the Wnt/ß-
catenin pathway, which played key roles in the  initiation and progression of cancers, 
the chemoresistance and EMT of cancer cells, as well as the fate determination of 
cancer stem cells (CSCs) (Chen et al.  2009a ; Anton et al.  2011 ; Liu et al.  2011 ). Some 
of miRNAs targeting Wnt/ß-catenin  signaling pathway and their potential impacts on 
this pathway are summarized in the Table  9.1 .

   In order to systematically identify miRNAs that regulate Wnt/ß-catenin pathway, 
Anton et al. identifi ed 38 candidate miRNAs able to either activate or repress the 
Wnt/ß-catenin pathway from 470 miRNAs screened from human HEK293 cells. 
Interestingly, consistent with the results reported in literatures, the Wnt-repressing 
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miRNAs tend to be anti-oncomiRs and down-regulated in cancers while Wnt- 
activating miRNAs tend to be oncomiRs and up-regulated during tumorigenesis 
(Anton et al.  2011 ). In this context, miRNAs could directly target and regulate Wnt/
ß-catenin signaling. For instances, miR-200a was down-regulated in human menin-
gioma, where it was found to directly targets ß-catenin mRNA, thereby inhibiting 
its translation and blocking Wnt/ß-catenin signaling (Saydam et al.  2009 ); similar 
fi nding was also demonstrated in human colon cancer cells, where miR-145 was 
down-regulated, and ectopic expression of miR-145 inhibited the growth of DLD-1 
colon cancer cells by disturbing ß-catenin translocation into the nucleus, accordingly 
lead to the down-regulation of TCF/Lef-1 transcriptional target genes c-Myc and 
Cyclin D1. This fi nding suggested a pivotal role of miR-145 in modulating intracel-
lular translocation of ß-catenin on Wnt/ß-catenin signaling pathway (Yamada et al. 
 2013 ). On the other hand, some of miRNAs, such as the miR-21 was up-regulated 
in many types of cancers, the miR-21 was found to directly transcriptionally 

   Table 9.1    MicroRNAs that target Wnt/ß-catenin signaling pathway involved in carcinogenesis   

 MicroRNA  Potential functions  Reference(s) 

 miR-126  Promotes colorectal cancer  Schepeler et al. ( 2012 ) 
 miR125b  Activates Wnt/ß-catenin/TCF4 axis  Liu et al. ( 2013 ) 
 miR-27  Activates Wnt signaling to promote epithelial- 

mesenchymal transition of gastric cancer 
 Zhang et al. ( 2011d ) 

 miR-130a  Directly represses RUNX3 and activates 
Wnt/ß-catenin signaling to increase drug 
resistance in HCC 

 Liu et al. ( 2011 ) 

 miR-145  Directly targets ß-catenin to regulate 
Wnt/ß-catenin signaling in human 
colon cancer cells 

 Yamada et al. ( 2013 ) 

 miR-181 family  Transcriptionally activated by Wnt signaling 
in HCC 

 Ji et al. ( 2011 ) 

 miR-374a  Constitutively activates Wnt/ß-catenin signaling 
in breast cancer 

 Cai et al. ( 2013 ) 

 miR-34  Directly targets Wnt signaling and links to p53 
in various cancers 

 Cha et al. ( 2012 ) and 
Kim et al. ( 2011 ) 

 miR-21  Functionally activates ß-catenin/TCF4 signaling 
in cancer cell proliferation and invasion 

 Lan et al. ( 2012 ) 

 miR-200a  Directly targets ß-catenin in cancer cells  Saydam et al. ( 2009 ) 
and Su et al. ( 2012 ) 

 miR-218  Directs a Wnt signaling circuit to promote 
differentiation of osteoblasts and osteomimicry 
of cancer cells 

 Hassan et al. ( 2012 ) 

 miR-122  Directly targets Wnt/ß-catenin pathway 
to suppress HCC proliferation and induce 
apoptosis 

 Xu et al. ( 2012b ) 

 miR-92b  Directly targets Nemo-like kinase 
to activate Wnt/ß-catenin signaling in glioma. 

 Wang et al. ( 2013a ) 

 miR-101  Targets Wnt/ß-catenin signaling pathway 
in colon cancer cells 

 Strillacci et al. ( 2013 ) 

   HCC  hepatocellular carcinoma  
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activate TCF4 in colorectal cancer (CRC) cells (Lan et al.  2012 ). In contrast, the 
Wnt signaling was able to modulate the expression of miRNAs. For example, in 
hepatocellular carcinoma (HCC), miR-122 plays a negative role to suppresses cell 
proliferation and induces cell apoptosis by directly targeting  Wnt/ß- catenin path-
way (Xu et al.  2012b ), while the expression of some miRNAs, such as miR-181 
could be directly induced upon an activation of Wnt/ß-catenin signaling or inhibi-
tion of GSK3β (Ji et al.  2011 ). In addition to directly targeting Wnt/ß-catenin 
 signaling, there is evidence that miRNAs are able to indirectly target Wnt signaling. 
Wang et al. found that miR-92b activated Wnt/ß-catenin signaling by indirectly 
 targeting Nemo-like kinase (NLK) in glioma (Wang et al.  2013a ). 

 Increasing evidence suggests the presence of highly resistant CSCs in various 
types of cancer, and the dysregulation of miRNAs and Wnt/ß-catenin pathway are 
involved in the chemoresistance for cancer therapy (Pan et al.  2013 ; Cui et al.  2012b ; 
Vangipuram et al.  2012 ). Liu et al. recently uncovered a novel mechanism that 
 up- regulation of miR-125b by Wnt signaling in Snail enriched CSCs. Enforced 
expression of Snail increases the expression of miR-125b through the activated 
Wnt/ß-catenin/TCF4 axis, which in turn, repress Bak1 to confer chemoresistance. 
The Snail-induced chemoresistance could be re-sensitized by either restoring the 
expression of Bak1 or depleting miR-125b. Additionally, ectopic expression of 
miR-125b leads to enrichment of the CD24 − /CD44 +  CSC population, while repres-
sion of miR-125b expression or restoration of the expression of Bak1 increases the 
non-stem cell population (CD24 − /CD44 + ) in Snail-over-expressing cells (Liu et al. 
 2013 ). Cisplatin is one of the commonly used chemotherapeutic drugs for many 
types of cancer, previous study in the head and neck cancer cell line was associated 
with decreased expression of Wnt signaling inhibitor DKK1, and over-expression of 
DKK1 could partially reverse the resistance, suggesting the elevation of canonical 
Wnt signaling might correlated with cisplatin resistance (Gosepath et al.  2008 ). The 
members of miR-181 family could be transcriptionally activated by Wnt/ß-catenin 
signaling pathway in EpCAM + AFP +  hepatic CSCs (HepCSCs) in HCC (Ji et al.  2011 ). 
Xu et al. recently also found that that the expression of miR-130a was  elevated in 
HCC patients treated with cisplatin based chemotherapy and cisplatin- resistant 
Huh7 cells. Mechanistically, they further demonstrated that up-regulation of miR-
130a directly targeted tumor suppressor gene RUNX3, which in turn,  activated 
Wnt/ß-catenin signaling and increased drug resistance, implying that  miR- 130a 
may offer a novel target for chemotherapy of HCC (Xu et al.  2012c ). 

 Cancer metastasis involves a series of biological steps during which the cancer 
cells acquire the ability to invade surrounding tissues and survive outside the original 
tumor site by EMT, and Wnt/ß-catenin signaling is an important pathway to drive 
EMT and metastasis in cancers (Cong et al.  2013 ). In gastric cancers, miR-27 was 
up-regulated and paralleled the increased levels of the EMT-associated genes ZEB1, 
ZEB2, Slug, and Vimentin, as well as decreased E-cadherin levels. Such a miR-27 
promoted EMT was through by a mechanism of activation of Wnt pathway, in 
which the APC gene of Wnt pathway was the direct and functional target of miR- 27 
(Zhang et al.  2011d ). Additionally, members of miR-200 family are capable of 
directly targeting Wnt pathway, the down-regulation of miR-200s in gastric cancers 
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were also correlated with EMT by activation of Wnt/ß-catenin signaling and 
increased expression of ZEB1 and ZEB2 (Su et al.  2012 ; Cong et al.  2013 ). Similarly, 
hyperactivated Wnt/ß-catenin signaling was detected in miR-374a expressing 
 metastatic breast cancer (BC) cells. The over-expression of miR-374a enhanced the 
 ability of EMT and metastasis in BC cells by directly targeting and inhibiting 
 multiple negative regulators of the Wnt/ß-catenin signaling cascade, including Wnt 
inhibitory factor-1 (WIF1), Phosphatase and tensin homolog (PTEN), and Wnt5A 
(Cai et al.  2013 ).  

3     MicroRNAs and mTOR/Akt/PI3K Pathway 

 mTOR is an atypical serine/threonine protein kinase, which exists in two function-
ally distinct complexes: mTORC1 (containing mTOR, Raptor, etc.) and mTORC2 
(containing mTOR, Rictor, etc.). The mTOR pathway is activated by multiple extra-
cellular signals, which, in turn, regulates protein translation, cell proliferation, 
cell differentiation, cell invasion, cell apoptosis and cell cycle (Li et al.  2011a ; 
Laplante and Sabatini  2012 ). It has been demonstrated that mTOR/Akt/PI3K path-
way is a key signaling system that frequently dysregulated in a wide variety of 
human cancers, in which the mTOR/Akt/PI3K pathway is constitutively activated 
and is associated with a poor prognosis, invasion, and metastasis. The mTOR inhib-
itors including rapamycin and rapamycin derivatives thus have recently been applied 
for anticancer treatments (Gulhati et al.  2011 ). 

 The potential role of miRNAs in the regulation of mTOR pathway has been 
investigated in a variety of cancer types (Alqurashi et al.  2013 ). Table  9.2  lists several 
miRNAs that target the mTOR/Akt/PI3K signal pathway. The mTOR signaling is 
highly activated with a down-regulation of its regulatory miRNAs in some cancers. 
The miR-99 family members, such as miR-99a/b and miR-100, are down- regulated 
in various malignant cancers, including clear cell ovarian cancer (Doghman et al. 
 2010 ) and esophageal squamous cell carcinoma (SCC) (Sun et al.  2013b ). Enforced 
expression of miR-100 showed an inhibition of mTOR signaling and an enhanced 
sensitivity to a mTOR inhibitor, rapamycin analog RAD001 (Everolimus) (Nagaraja 
et al.  2010 ); over-expression of miR-99a/100 repressed the mTOR signaling by 
directly targeting its 3′ UTR of mTOR. Similarly, miR-199a-3p was also shown 
to be down-regulated and target mTOR in HCC cells (Fornari et al.  2010 ). Other 
identified miRNAs that able to directly target mTOR include miR- 520c and 
miR-373 (Liu and Wilson  2012 ), miR-30a (Zhong et al.  2013 ) and miR- 144 (Iwaya 
et al.  2012 ). These results suggested that mTOR targeted miRNAs may be potential 
therapeutic targets for inducing apoptosis to combat cancers. For instance, miR-126 
was found to increase irradiation-induced non-small cell lung cancer (NSCLC) cell 
apoptosis and re-sensitize NSCLC cells to radiotherapy by targeting the PI3K/Akt 
pathway (Wang et al.  2011 ).

   mTOR signaling is constitutively active with the down-regulation of miR-30a 
and miR-144 in CRC, in which miRNAs play a role of metastasis suppressor (Zhong 
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et al.  2013 ; Iwaya et al.  2012 ). The ectopic expression of miR-30a was found to 
down-regulate the expression of Akt and mTOR and their phosphorylated forms in 
CRC cells (Zhong et al.  2013 ). Clinicopathologic analysis further demonstrated that 
down-regulation of miR-144 was associated with enhanced malignant potential and 
poor prognosis  via  activation of the mTOR signaling pathway in CRC, although 
only high expression of a component of mTORC2, Rictor, was found to be associ-
ated with poor prognosis of CRC (Iwaya et al.  2012 ). The Rictor was able to directly 
regulate the phosphorylation of Akt at Ser-473, which was also identifi ed as a target 
of miR-218 in oral squamous cell carcinoma cells (Uesugi et al.  2011 ). Moreover, 
 in silico  miRNA:target mRNA prediction analysis revealed a miR-144 binding site 
in its 3′ UTR region of both Rictor and mTOR (Iwaya et al.  2012 ). 

 Apart from direct target of mTOR pathway, miRNAs were found to indirectly 
regulate mTOR signaling by targeting other signaling pathways. The miR-204 was 
suggested as a potent tumor suppressor, which was frequently lost in multiple cancers. 
miR-204 exerts its function by targeting genes involved in tumorigenesis including 
brain-derived neurotrophic factor (BDNF), the loss of miR-204 elevates BDNF 
expression and subsequent activation of the small GTPase Rac1 and actin reorgani-
zation through the Akt/mTOR signaling pathway, that leads to cancer cell migration 
and invasion (Imam et al.  2012 ). Same as seen in the miR-204, tumor suppressor 

   Table 9.2    MicroRNAs that target mTOR/Akt/PI3K signaling pathway involved in carcinogenesis   

 MicroRNA  Potential functions  Reference(s) 

 miR-101  Inhibits mTOR pathway  Nagaraja et al. ( 2010 ) 
 miR-99a/100  Represses mTOR signal pathway 

in various cancer cells 
 Nagaraja et al. ( 2010 ), Sun 

et al. ( 2013b ), Oneyama 
et al. ( 2011 ) and 
Doghman et al. ( 2010 ) 

 miR-122  Directly targets IGF1R and regulates PI3K/Akt/
mTOR/p70S6K pathway in breast cancer 

 Wang et al. ( 2012a ) 

 miR-144  Directly targets mTOR in colorectal carcinoma 
cells. 

 Iwaya et al. ( 2012 ) 

 miR- 520c/373  Directly targets mTOR to up-regulate matrix 
metalloproteinase 9 in fi brosarcoma cells 

 Liu and Wilson ( 2012 ) 

 miR-125b  Represses tumor growth activity by targeting 
the PI3K/Akt/mTOR signaling pathway 

 Cui et al. ( 2012a ) 

 miR-30a  Inhibits colorectal carcinoma cell migration 
and invasion by targeting the PI3K/Akt/
mTOR pathway 

 Zhong et al. ( 2013 ) 

 miR-199a-3p  Directly targets mTOR and leads 
to cell cycle arrest in hepatocellular 
carcinoma cells 

 Fornari et al. ( 2010 ) 

 miR-204  Inhibits Akt/mTOR signaling pathway 
by targeting brain-derived neurotrophic 
factor in cancer cells 

 Imam et al. ( 2012 ) 

 miR-218  Targets the mTOR component Rictor 
and inhibits Akt phosphorylation 
in oral cancer 

 Uesugi et al. ( 2011 ) 
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miR-122, was able to functionally inhibit the tumorigenesis of BC through targeting 
insulin-like growth factor 1 receptor (IGF1R), a receptor tyrosine kinase, and regulating 
PI3K/Akt/mTOR/p70S6K pathway, suggesting miR-122 may serve as a novel thera-
peutic or diagnostic/prognostic-target for BC therapy (Wang et al.  2012a ). 

 In addition, mTOR has been demonstrated to most commonly induces autophagy, 
a major intracellular degradation pathway for long-lived proteins and organelles, by 
which the cell gains an ability to survive stressful conditions, and the abnormalities 
of autophagy contribute to many diseases including the cancers (Laplante and 
Sabatini  2012 ). miR-376b and miR-181a have been recently demonstrated to regulate 
rapamycin-induced autophagy in MCF-7 and Huh-7 cells, through a mechanism of 
directly targeting autophagy proteins ATG4C and ATG5, respectively (Korkmaz 
et al.  2012 ; Tekirdag et al.  2013 ).  

4     MicroRNAs and EGFR Pathway 

 EGFR, a receptor tyrosine kinase associated with cell proliferation and survival, 
which is hyperactivated and is associated with disease progression, resistance to che-
motherapy and radiotherapy, and poor prognosis in many epithelial originated cancers 
(Bianco et al.  2005 ). Given the importance of EGFR in cancer biology, the EGFR and 
its downstream signaling effectors are potential biomarkers of prognosis major targets 
for new therapeutics, such as monoclonal antibodies and tyrosine kinase inhibitors 
(TKIs) (Bianco et al.  2005 ; Samakoglu et al.  2012 ). As one of the extensively investi-
gated cellular signaling pathways, EGFR signaling pathway is involved in cell migra-
tion, invasion, viability and proliferation in tumorigenesis of many types of cancer, 
and up-regulation of EGFR occurs in a range of cancers and correlates with high 
metastases and a poor prognosis (Perez et al.  2013 ; Teixeira et al.  2012 ). Accumulating 
evidence has suggested that miRNAs are key players in regulating EGFR signaling in 
different types of cancer, and they can be served as tumor suppressors and potential 
therapeutic targets, i.e. a miRNA that regulates EGFR may have therapeutic potential 
for cancer treatment (Barker et al.  2010 ). Several miRNAs which were known to 
regulate EGFR signaling are listed in the Table  9.3 .

   The discovery of EGFR signaling pathway has led to the development of two 
classes of drugs, oral EGFR-TKIs and monoclonal antibodies (mAbs) for the treat-
ment of a range of EGFR-driven tumors, most notably lung, colon, pancreatic, and 
head and neck cancer. However, the benefi ts of these therapeutic agents to patients 
are ultimately limited by the emergence of mutations and other molecular mecha-
nisms that eventually developing drug resistance (Politi et al.  2010 ). MET receptor 
has been reported to be involved in the acquired resistance of NSCLC to TKIs, and 
there are evidences show that miRNA may participate in the EGFR/MET network 
in lung cancer and provide a clue to overcoming EGFR-TKI resistance (Garofalo 
et al.  2012 ; Wang et al.  2012b ). Garofalo et al. reported that miR-30b, miR-30c, 
miR-221 and miR-222, miR-103 and miR-203 were able to modulate EGFR and 
MET receptor, suggesting that they might have important roles in EGFR-TKI 
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gefi tinib- induced apoptosis of NSCLC cells (Garofalo et al.  2012 ). In agreement 
with this fi nding, Wang et al. found that miR-214 was dramatically elevated in a 
gefi tinib resistant cell line HCC827/GR (with a 746E-750A in-frame deletion of 
EGFR gene), with an inversely expression of PTEN. Interestingly, knockdown miR- 
214 showed an increasing expression of PTEN and phosphorylated Akt (p-Akt), and 
re-sensitization of HCC827/GR to gefi tinib, clearly indicating that targeting of 
miR-214 might reverse the acquired resistance to EGFR-TKIs therapy in NSCLC 
(Wang et al.  2012c ). 

 Bioinformatic analysis has predicted 138 miRNAs that potentially target EGFR 
in NSCLC, and some of them have been confi rmed experimentally (Chan et al. 
 2012 ). Using similar strategy, three miR-7 target sites can be predicted in human 
EGFR mRNA 3′ UTR. A number of studies have demonstrated the ability of miR-7 

   Table 9.3    MicroRNAs that target EGFR signaling pathway involved in carcinogenesis   

 MicroRNA  Potential functions  Reference(s) 

 miR-200  Regulates epithelial-mesenchymal transition 
in anaplastic thyroid cancer cells, bladder 
cancer cells, reverses resistance of EGFR 
therapy 

 Zhang et al. ( 2012 ) and 
Adam et al. ( 2009 ) 

 miR-542-5p, 1203, 
1237, 541, 1911 

 Down-regulates EGFR in human lung 
cancer cells 

 Yamaguchi et al. ( 2012 ) 
and Webster et al. 
( 2009 ) 

 miR-7  Inhibits EGFR/PI3K/Akt signaling and 
reverses radio-resistance in various 
cancer cells 

 Kefas et al. ( 2008 ), Lee 
et al. ( 2011 ) and 
Webster et al. ( 2009 ) 

 miR-145  Negatively regulates EGFR expression 
in lung cancer cells. 

 Cho et al. ( 2011 ) 

 miR-21  Regulates the EGFR/Akt pathway 
in a PTEN independent manner 

 Zhou et al. ( 2010 ) 

 miR-214  Regulates acquired resistance to EGFR-TKIs 
in cancer cells through a PTEN/Akt 
pathway 

 Wang et al. ( 2012c ) 

 miR-27a  Directly targets EGFR and contributes 
to mutant p53 gain-of-function. 

 Wang et al. ( 2013c ) and 
Acunzo et al. ( 2013 ) 

 miR-146a  Inhibits EGFR in prostate and non-small cell 
lung cancer cells 

 Li et al. ( 2010 ), Xu et al. 
( 2012a ) and Chen 
et al. ( 2013 ) 

 miR-146b-5p  Suppresses EGFR expression 
in glioblastoma cell lines 

 Katakowski et al. ( 2010 ) 

 miR-133a  Directly targets EGFR and regulates its 
downstream signal molecule Akt 
in breast cancer 

 Cui et al. ( 2013 ) 

 miR-133b  Suppresses EGFR pathway signaling and 
enhances susceptibility to EGFR-TKI 
in lung cancer cells by directly targeting 
EGFR 

 Liu et al. ( 2012 ) 

 miR-128b  Directly regulates EGFR expression 
in non-small cell lung cancer 

 Weiss et al. ( 2008 ) 
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to down-regulate EGFR in different cancer cells (Kefas et al.  2008 ; Webster et al. 
 2009 ). In addition to directly targeting EGFR mRNA, miR-7 has been demonstrated 
to regulate the activity of downstream effectors of EGFR signaling pathway, 
including the Akt and ERK1/2, in multiple EGFR-expressing cancer cell lines 
(Webster et al.  2009 ). Yamaguchi et al. found that miR-542-5p was able to directly 
targets EGFR mRNA, by which it functionally down-regulated EGFR in human 
lung cancer cells. More importantly, the miR-542-5p expression was inversed with 
EGFR protein levels in human lung cancer tissue samples (Yamaguchi et al.  2012 ). 
In another study, Chen et al. demonstrated that miR-146a was capable of suppressing 
cell growth, inducing cellular apoptosis, inhibiting EGFR downstream signaling 
and the migratory capacity in various NSCLC cell lines (H358, H1650, H1975, 
HCC827 and H292), through an EGFR mutation status independent mechanism 
of directly targeting EGFR and NF-κB signaling. Furthermore, a combination of 
miR- 146a mimic and EGFR-TKIs or anti-EGFR mAb, cetuximab, miR-146a 
exhibited a capacity to enhance the inhibition of cell proliferation in NSCLC cells 
(Chan et al.  2012 ). miR-27a (Acunzo et al.  2013 ), miR-145 (Cho et al.  2011 ) and 
miR-133b (Liu et al.  2012 ) were also identifi ed to directly target EGFR in lung 
cancer. On the other hand, the aberrant expression and/or mutation(s) of EGFR 
may also alter the expression of miRNAs in cancers. For instance, a miRNA 
expression profi ling study in lung cancer of never-smokers showed that the changes 
of expression of some miRNAs in the cases with EGFR mutations were more 
remarkable than those without these mutations. Moreover, the miR-21, one of the 
most studied miRNA species in human cancer, is elevated in most types of cancer. 
It was found to enhance further by the activated EGFR signaling pathway in this 
study (Seike et al.  2009 ), suggesting that EGFR signaling not only is regulated by 
tumor suppressive miRNAs, but also has potential to regulate some miRNAs acting 
as oncogene. 

 In order to unravel the coordination of miRNAs and EGFR signaling network on 
a global miRNA (miRNome) level in BC, Uhlmann et al. performed a large-scale 
miRNA screening approach with a combination of high-throughput proteomic read-
out and network-based data analysis, and fi nally they identifi ed and validated miR- 
124, miR-147 and miR-193a-3p as novel tumor suppressors that co-target 
EGFR-driven cell cycle network proteins and inhibit cell cycle progression and 
proliferation in BC (Uhlmann et al.  2012 ). Recent study also revealed that miR- 
133a was signifi cantly down-regulated in BC, and ectopic expression of miR-133a 
in BC cells arrested the cell cycles. Mechanistic study further verifi ed that miR- 
133a was able to directed target EGFR, and regulate EGFR signaling in BC through 
Akt signaling pathway (Cui et al.  2013 ), in which miR-133a-regulated EGFR 
expression was positively correlated with that of p-Akt, which was consisted with 
that in prostate cancer and glioblastoma (Gan et al.  2010 ; Kefas et al.  2008 ). These 
results demonstrate a tumor suppressor role of miR-133a in BC, in which miR-133a 
regulates the tumorigenesis of BC through targeting EGFR (Cui et al.  2013 ). 
Additionally, miR-146a and miR-146b-5p were also found to regulate EGFR 
 signaling by directly targeting EGFR in cancer cells (Xu et al.  2012a ; Katakowski 
et al.  2010 ).  
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5     MicroRNAs and VEGF Pathway 

 Angiogenesis is one of the key characteristics of malignant cancer, and VEGF is 
the most prominent driving force for angiogenesis and cancer progression, which 
is mostly up-regulated in many cancers, therefore it is recognized as an attractive 
target for both cancer diagnosis and therapy. There is an increasing evidence 
shows that VEGF is a potential target for some miRNAs in a wide range of can-
cers, several miRNAs have been demonstrated to be associated with vascular 
development. Hua et al. predicted and experimental confi rmed that VEGF might 
be a potential target for a group of candidate miRNAs, including miR-16, let-7b, 
miR-17-5p, miR-27, miR-106, miR-107, miR-193, miR-210, miR-320 and miR-
361 (Hua et al.  2006 ; Kulshreshtha et al.  2008 ). Roccaro et al. recently found that 
miR-15a/16 were down-regulated or undetectable in relapsed/refractory multiple 
myeloma (MM) patients, and miR-15a/16 inhibits MM cell-triggered endothelial 
cell growth and capillary formation  in vitro . Enforced expression of miR-15a/16 
in MM cells led to decreased pro-angiogenic activity of MM cells led to a dra-
matic inhibition of VEGF secretion, immunoblotting and luciferase reporter 
assays further revealed that VEGF-A was a direct target of miR-15a/16 (Roccaro 
et al.  2009 ; Sun et al.  2013a ). Table  9.4  lists the potential miRNAs that target 
VEGF pathway.

   Table 9.4    MicroRNAs that target VEGF signaling pathway involved in carcinogenesis   

 MicroRNA  Potential functions  Reference(s) 

 miR-126  Promotes or inhibits VEGF 
signaling in a tissue 
specifi c manner 

 Fish et al. ( 2008 ), Wang et al. ( 2008 ), Liu 
et al. ( 2009 ), Zhu et al. ( 2011 ), ( 2012 ) 
and Sasahira et al. ( 2012 ) 

 miR-20b  Down-regulates VEGF in breast 
cancer MCF-7 cells 

 Cascio et al. ( 2010 ) 

 miR-145  Directly targets VEGFA 
in breast cancer 

 Zou et al. ( 2012 ) 

 miR-125b  Represses VEGF expression 
in various cancers 

 Smits et al. ( 2012 ), Bi et al. ( 2012 ) 
and He et al. ( 2013 ) 

 miR-195  Directly inhibits VEGF expression 
in hepatocellular carcinoma 

 Wang et al. ( 2013b ) 

 miR-199a  Inhibits VEGF expression 
in ovarian cancer 

 He et al. ( 2013 ) 

 miR-200  Directly targets Flt1/VEGFR1 
in human lung adenocarcinoma 

 Roybal et al. ( 2011 ) 

 miR-205  Directly targets VEGFA in human 
glioblastoma cells 

 Yue et al. ( 2012 ) 

 miR-206  Inhibits VEGF expression in laryngal 
squamous cell carcinoma 

 Zhang et al. ( 2011a ) 

 miR-361-5p  Directly targets VEGFA in human 
cutaneous squamous cell 
carcinoma 

 Kanitz et al. ( 2012 ) 
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   miR-126 is an extensively studied human miRNA, it has been identifi ed as a 
 suppressor of tumor formation in various types of cancer by directly targeting 
 several well-defi ned signaling including the VEGFA (Fish and Srivastava  2009 ; Liu 
et al.  2009 ; Sasahira et al.  2012 ). miR-126 defected mice showed a phenotype 
including loss of vascular integrity and defects in endothelial cell proliferation, 
migration and angiogenesis (Schepeler et al.  2012 ). Hence, the miR-126 is one of 
the most current investigated miRNAs in the angiogenesis of cancer. In this context, 
miR-126 is down-regulated in different malignancies (Li et al.  2011b ). The down-
regulation of miR-126 in tumors is correlated with an increased activity of the 
VEGF/PI3K/Akt signaling pathway and promotion of vascular formation and can-
cer metastasis, which was demonstrated in a study that introduction of miR-126 
mimics into BC MCF-7 cancer cells (Zhu et al.  2011 ). Mechanistically, miR-126 
has been found to be expressed specifi cally in epithelial cells where it regulated the 
expressions of sprouty-related protein 1 (SPRED1) and PI3K regulatory subunit 2 
(PIK3R2) to activate VEGF signaling in response to angiogenic growth factors 
(Fish et al.  2008 ; Wang et al.  2008 ). Apart from its function of targeting VEGF 
signaling, miR-126 was found to be involved in regulating the response of NSCLC 
cells to cancer chemotherapy. Introduction of lung adenocarcinoma A459 cells with 
miR-126 mimics led an increased miR-126 level that was signifi cantly associated 
with an enhanced drug sensitivity by decreasing the half maximal inhibitory con-
centration of adriamycin (ADM) and vincristine, and a down-regulation multidrug 
resistance- associated protein 1 (MRP1), as well as inactivation of the Akt signaling 
pathway (Zhu et al.  2012 ). 

 Glioblastomas characterized by the secretion of large amounts of the angiogenic 
VEGF are a supportive evidence for the therapeutic benefi t of VEGF pathway 
 targeting (Reardon et al.  2011 ). Smits et al. found that down-regulation of miR-
125b in glioblastoma-associated endothelial cells was correlated with increased 
expression of transcription factor myc-associated zinc fi nger protein (MAZ) that 
regulates VEGF. Interestingly, endothelial cells exposed to VEGF showed a down-
regulation of miR-125b and an increased MAZ expression. Additionally, elevated 
MAZ expression was observed in brain blood vessels of glioblastoma patients. This 
study suggested a functional feed-forward loop in glioblastoma related angiogene-
sis, in which elevated VEGF inhibits the expression of miR-125b, resulting in 
increased expression of MAZ, which in its turn causes transcriptional activation of 
VEGF (Smits et al.  2012 ). 

 Similarly, down-regulation of miR-125a and miR-195 were observed in HCC 
cells and tissues (Bi et al.  2012 ; Wang et al.  2013b ). The alteration of miR-125a 
in HCC was inversely correlated with expression of matrix metalloproteinase 11 
(MMP11) and VEGFA, both of them were direct targets of miR-125a (Bi et al. 
 2012 ). In addition to directly target VEGF, miR-195 also showed a function of 
directly inhibiting the expression of pro-angiogenic factors VAV2 and CDC42. 
Furthermore, the down-regulation of miR-195 led to enhanced VEGF levels in 
the HCC tissues, by which VEGFR2 signaling was subsequently activated in 
endothelial cells and thereby promoted angiogenesis (Wang et al.  2013b ). Such 
anti- angiogenesis activity of miRNAs through targeting of VEGF signaling was 
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also demonstrated in other miRNAs from various cancers, including the miR-145 in 
BC (Zou et al.  2012 ), and the miR-361-5p in SCC of the skin (Kanitz et al.  2012 ). 
These studies strongly evidenced that miRNAs targeting VEGF signaling hold a 
great promise for developing diagnostic markers and therapeutic agents for cancer 
treatment.  

6     MicroRNAs and KRAS Pathway 

 The oncogene v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog also known 
as, KRAS or GTPase KRas, is a key molecule of EGFR/RAS/mitogen-activated 
protein kinase (MAPK) pathway. The EGFR/RAS/MAPK pathway regulates a vari-
ety of biological activities of malignant cells, including cell proliferation, migra-
tion, and chemosensitivity (Cai et al.  2009 ). As a downstream component of EGFR 
signaling pathway, KRAS plays an important role in transduction of extracellular 
signals from EGFR to downstream effectors involved in cell division, apoptosis, and 
differentiation, KRAS mutations therefore are predictive of resistance to anti-EGFR 
treatment that depends on the presence of wild-type KRAS, and patients with KRAS 
mutation show the least likely to benefi t from anti-EGFR therapy in both CRC and 
lung cancer (Amado et al.  2008 ; De Roock et al.  2010 ). To identify the association 
of miRNA signatures KRAS status in CRC, Mosakhani et al. performed a miRNA 
microarray analysis on metastatic CRC tissues, and they found the KRAS mutation 
was associated with up-regulation of miR-127-3p, miR-92a, and miR-486-3p and 
down-regulation of miR-378 (Mosakhani et al.  2012b ). 

 With the facts of complementary sites of let-7 miRNAs reside in the KRAS 3′ 
UTR region (Johnson et al.  2005 ), let-7 post-transcriptional regulates KRAS expres-
sion in CRC cells (Akao et al.  2006 ), the progresses of CRC are through an adenoma- 
carcinoma sequence and KRAS plays a major function in this process, and 
anti-EGFR treatments in CRC, it is therefore let-7 family of miRNAs in CRC and 
lung cancer have received more attention (Johnson et al.  2005 ; Zhang et al.  2011c ; 
Ruzzo et al.  2012 ; He et al.  2010 ; Smits et al.  2011 ). 

 Several lines of evidence indicate a down-regulation of let-7 in a variety of 
 cancers, including the CRC and lung cancer where the reduction of let-7 caused 
reactivation of some let-7 targeted oncogenes, such as KRAS and c-Myc. 
Recently, a functional single nucleotide polymorphism (SNP), rs61764370 has 
been defi ned in the KRAS 3′ UTR in the let-7 complementary site (LCS6), which 
consists of a T > G base change that alters the binding ability of the mature let-7 
to the KRAS mRNA. 

 miRNA polymorphisms (miR-SNPs) analysis further revealed that KRAS 
expression was increased in lung cancer tumors with G variant allele (Chin et al. 
 2008 ), and the G allele was correlated with a better outcome in early stages of CRC 
patients, especially in those with the KRAS mutation (Smits et al.  2011 ). Of note, 
this polymorphic association may vary among cancer types and stages (Smits et al. 
 2011 ). For instance, the LCS6 G allele was found to be associated with reduced 
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survival in patients with head and neck squamous cell carcinoma (HNSCC) 
(Christensen et al.  2009 ) and with a poor outcome in postmenopausal women with 
epithelial ovarian cancer (Ratner et al.  2012 ). Moreover, confl icting results were 
reported in the polymorphic studies on the involvement of KRAS let-7 LCS6 SNP 
in the response to different targeted therapies (Graziano et al.  2010 ; Zhang et al. 
 2011c ). In a study conducted by Zhang et al. found that the LCS6 SNP was associated 
with object response rate (ORR) to cetuximab treatment in metastatic CRC (mCRC) 
patients with wild type KRAS, in which a variant G allele (TG or GG) had a 42 % 
ORR compared with a 9 % ORR in those with TT genotype. In addition, KRAS 
wild type patients with TG/GG genotypes had trend of longer median progression- 
free survival (PFS) (3.9  vs  1.3 months) and overall survival (OS) (10.7  vs  6.4 months) 
compared to those with TT genotypes (Zhang et al.  2011b ). In contrast to this fi nding, 
however, Graziano et al. found that LCS6 G-allele carriers had worse OS (P = 0.001) 
and PFS (P = 0.004) than the T/T carriers in mCRC patients without BRAF V600E 
mutation who underwent salvage cetuximab-irinotecan therapy, and the G-allele 
genotype was more frequent in patients with a KRAS mutation in comparison with 
those who carried a wild type KRAS (P = 0.004) (Graziano et al.  2010 ). This fi nding 
was supported by a recently study performed by Sebio et al. ( 2013 ), in which they 
found the LCS6 G-allele was signifi cant associated with nonresponse to anti-EGFR-
based treatment, mCRC patients (without BRAF V600E mutation) carrying G allele 
(TG or G/G genotypes) had nonresponse to anti-EGFR therapy regardless of 
chemotherapy backbone, in contrast, 31.9 % of patients with the T/T genotype presented 
a complete or a partial response (P = 0.004) (Sebio et al.  2013 ). Such a differential 
response to anti-EGFR therapy may be attributed to the genetic variation of among 
ethnic populations (Patel et al.  2010 ). In an exploratory analysis, Ruzzo et al. quantifi ed 
the let-7a in patients with mCRC who harboring KRAS mutation and underwent 
third-line therapy with cetuximab plus irinotecan, they found a positive effect of 
high let-7a level on both OS and PFS times in patients with KRAS wild type LCS6 
(Ruzzo et al.  2012 ). The miRNAs regulated resistance against anti-EGFR agents 
was also recently found in HNSCC where miR-122 regulates resistance to mAb 
cetuximab (Hatakeyama et al.  2010 ), albeit the underlying mechanism requires 
further investigation. These results suggest that let-7 analysis may serve to identify 
subgroups of patients who may still benefi t from anti-EGFR therapy, as well as 
to provide informative cues for designing alternative strategies treating patients 
with KRAS mutations. 

 In addition to let miRNA family, miR-143 has also been found to impact on CRC 
cell proliferation and survival by targeting KRAS mRNA (Chen et al.  2009b ). In 
this context, miR-143 was down-regulated in CRC tissues, the low levels of miR- 
143 were an independent negative prognostic factor for cancer-specifi c survival 
(CSS) and was found to be associated with a shorter PFS in patients with KRAS 
wild-type CRC who were treated with EGFR-targeted agents, but it was not a useful 
predictive biomarker in KRAS wild-type CRC patients treated with EGFR-targeting 
agents, such as mAb cetuximab or panitumuma (Pichler et al.  2012 ). In addition, Xu 
et al. demonstrated an inverse correlation of miR-143 expression and KRAS protein 
in prostate cancer samples, ectopic expression of miR-143 arrested cell proliferation 
and migration in prostate cancer cells, and increased the sensitivity to docetaxel by 
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targeting EGFR/RAS/MAPK pathway, suggesting that miR-143 may play a crucial 
role in tumorigenesis of prostate cancer and chemosensitivity by targeting KRAS 
and subsequent inactivation of MAPK pathway (Xu et al.  2011 ). 

 Apart from the let-7 and miR-143, miR-216b (Deng et al.  2011 ), miR-30c (Tanic 
et al.  2012 ), miR-96 (Yu et al.  2010 ) and miR-217 (Zhao et al.  2010 ) also shown 
potentials to target KRAS pathway in various cancers. Xu et al. found a down-
regulation of miR-216b in nasopharyngeal carcinoma (NPC) cells and tissues. 
Moreover, the decreased miR-216b level was directly related to advanced clinical 
stage and lymph node metastasis, and an increased expression of KRAS protein. 
The miR-216b was able to directly target KRAS mRNA and suppress NPC cell 
proliferation, invasion and tumor growth through a mechanism of inhibition of the 
KRAS-related Akt and ERK pathways (Deng et al.  2011 ). Same as seen in the miR-
216b, miR-30c (Tanic et al.  2012 ), miR-96 (Yu et al.  2010 ) and miR-217 (Zhao 
et al.  2010 ) were also found to be down-regulated in respective BC, pancreatic 
cancer and pancreatic ductal adenocarcinoma cells. It has been experimentally 
confi rmed that they are capable of directly targeting KRAS mRNA, and suppressing 
cancer cell proliferation, invasion through inhibition of the KRAS signaling pathway. 
The miRNAs that target KRAS pathway is listed in Table  9.5 .

7        Perspectives and Challenges 

 The signaling pathways play key roles in controlling cell growth and differentia-
tion, as well as tissue homeostatic processes; however, they are commonly hijacked 
in oncogenesis. With the uncovering of the underlying mechanisms of signaling 

   Table 9.5    MicroRNAs that target KRAS signaling pathway involved in carcinogenesis   

 MicroRNA  Potential functions  Reference(s) 

 miR-200  Accompany with KRAS mutation  Ota et al. ( 2012 ) 
 let-7 family  Negatively regulates let-60/RAS, and 

down-regulates KRAS with antitumor 
effects in the presence of activating 
KRAS mutations 

 Johnson et al. ( 2005 ), Zhang et al. 
( 2011c ), Ruzzo et al. ( 2012 ), 
He et al. ( 2010 ) and Smits 
et al. ( 2011 ) 

 miR-143  Directly targets to KRAS and severs as an 
independent prognostic biomarker for 
various cancers 

 Chen et al. ( 2009b ), Pichler et al. 
( 2012 ), Loboda et al. ( 2010 ), 
Gao et al. ( 2011 ) and Xu et al. 
( 2011 ) 

 miR-126b  Suppresses the growth of nasopharyngeal 
carcinoma by targeting KRAS 

 Deng et al. ( 2011 ) 

 miR-96  Suppresses KRAS expression 
in pancreatic cancer 

 Yu et al. ( 2010 ) 

 miR-217  As a potential tumor suppressor 
by targeting KRAS in pancreatic 
ductal adenocarcinoma 

 Zhao et al. ( 2010 ) 

 miR-30c  Directly targets KRAS and inhibits the 
proliferation of breast cancer cells 

 Tanic et al. ( 2012 ) 
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pathways, increasing numbers of tumor-specifi c, molecularly targeted agents are 
under developing. Cancers from diverse organs of origin with similar molecular traits 
should be managed together (Cortés et al.  2013 ). The emergence of miRNAs and the 
understanding of the underlying mechanisms of their targeted signaling open up new 
perspectives for discovery and development of targeted therapies against different 
cancers. The miRNAs have been linked to many critical biologic processes in the 
eukaryotic cell, in which they exert their functions by targeting various signaling 
molecules. Although the underlying mechanism of miRNA in the tumorigenesis is 
far from fully understood, miRNA- based therapeutics has shown a signifi cant 
promise in developing novel molecular targeting agents for cancer treatment, and 
the miRNAs that target various tumorigenesis signaling are of particular interest. 
In this context, administration of miRNA mimics or miRNA expressing vectors 
could be employed to up-regulate miRNAs; and administration of anti-sense nucle-
otides could be used for down-regulation of miRNAs (oncomiRs). However, apart 
from the complex of signaling pathways that interact through crosstalk and feed-
back loops, and the unclear functional consequences of miRNA abnormalities in 
cancers, there are several other potential limitations in the development and testing 
of miRNA-based therapeutics deserved further investigation. These include, but 
are not limited to, the off-target effect, tissue specifi city, internal nucleases avoid-
ance,  in vivo  delivery, and toxicity for miRNA-based targeting therapy. Nevertheless, 
preclinical studies and early trials in humans have clearly demonstrate that there 
is potential for developing novel therapeutics based on miRNAs by targeting signal-
ing pathways that involved in tumorigenesis.     
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    Abstract     MicroRNAs (miRNAs), small and non-coding RNAs ∼ 22 nucleotides 
(nt) in length, are estimated to regulate about 30 % human gene expression at the 
post-transcriptional and the translational levels. MiRNAs are also involved in a 
series of important cellular processes, such as proliferation, differentiation, apoptosis 
and autophagy. Of note, apoptosis can invariably contribute to cell death, whereas 
autophagy can play either a pro-survival or a pro-death role in cancer. Recent evidence 
has shown that miRNAs can function as oncogenes or tumor suppressive genes in 
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diverse types of human cancers. Also, miRNAs are well-characterized to be crucial 
in tumorigenesis as either oncogenes or tumor suppressors by targeting apoptosis 
and autophagy. However, the intricate mechanisms of miRNA-modulated apoptosis 
and autophagy still remain unclear. In this chapter, we focus on summarizing 
the dual function of miRNAs in regulation of apoptosis and autophagy; thereby 
revealing the regulatory mechanisms of miRNA-regulated apoptosis and autophagy, 
which may shed light on developing novel RNA therapeutic strategy in the near 
future.  

  Keywords     MicroRNA   •   Cancer   •   Apoptosis   •   Autophagy   •   Therapy  

1         Introduction 

 MicroRNAs (miRNAs), small RNA molecules of approximately 22 nucleotides, are 
a novel class of endogenously non-coding RNAs that control about 30 % gene 
expressions by targeting specifi c mRNAs which bear partially complementary target 
sequences for degradation and translational repression (Bartel  2004 ). The fi rst miRNA 
lin-4 was discovered in 1993, when a small RNA encoded by the lin-4 locus was 
associated to the developmental timing of the nematode by modulating the protein 
lin-14, but it was thought to be an idiosyncrasy at that time (Lee et al.  1993 ). Only 
after let-7 was characterized and identifi ed to be conserved in many model organisms, 
the importance of miRNAs in physiology and pathology are beginning to emerge 
(Hutvágner et al.  2001 ). Since then, miRNAs have been found to be involved in a 
series of homeostatic processes, such as cellular proliferation and cell death. 

 Dysregulation of miRNAs is an important trait in cancer progression since the 
about 50 % of annotated human miRNAs are located in areas of the genome, known 
as fragile sites that are associated with cancer. The links between miRNAs and 
cancer were fi rstly highlighted when two miRNAs, miR-15 and miR-16, were 
discovered to locate in a region on chromosome 13 and can be deleted in over 65 % 
of chronic lymphocytic leukemia (CLL) (Calin et al.  2002 ). After that, aberrant 
expression patterns of miRNAs have been found to be associated with some examples 
of tumorigenesis, and miRNAs correlating with various types of cancer are thought 
to function as either oncogenes or tumor suppressors (Babashah and Soleimani 
 2011 ). The miRNA-17-92 cluster, one of the fi rst identifi ed oncogenic miRNAs, has 
been also shown to be over-expressed in lung cancers and thus enhancing cell 
proliferation (Hayashita et al.  2005 ). 

 Hitherto, miRNAs have been estimated to account for about 1 % of predicted 
genes in higher eukaryotic genome and thus being regarded to be involved in modu-
lation of cancer cell apoptosis and autophagy. Apoptosis is characterized by the 
double stranded cleavage at the linker regions between nucleosomes, resulting in 
the formation of multiple DNA fragments and phosphatidylserine externalization, 
accompanied by genes and protein expressions. Currently, there are two signaling 
pathways mediating apoptosis. In the extrinsic pathway, apoptosis is mediated by 
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death receptors on the cell surface; while in the intrinsic pathway, mitochondrion 
plays a key role (Wen et al.  2012 ). Different from apoptosis, autophagy is an 
evolutionarily conserved lysosomal degradation process in which a cell degrades 
long- lived proteins and damaged organelles. The complete autophagic fl ow is a 
highly regulated, multi-step process that, in general, can be divided into the following 
fi ve stages: induction, vesicle nucleation, vesicle elongation and completion, docking 
and fusion, as well as degradation and recycling (Yang and Klionsky  2010 ). Although 
both apoptosis and autophagy may decide the fate of cancer cell, apoptosis 
invariably leads to cancer cell death whereas autophagy plays the Janus role in 
determining the life or death of cancer cell. The involvement of miRNAs in apop-
tosis was fi rstly reported when miRNA-14 was reported to regulate cell death in 
Drosophila, whereas in 2008, the oncogenic miRNA-221/222 was initially identifi ed 
to lead to autophagic cell death in human breast carcinoma (Stark et al.  2003 ; 
Miller et al.  2008 ). 

 Amazingly, miRNAs were fi rstly described 20 years ago; however, the precise 
molecular mechanisms of miRNAs still remain obscure. In this chapter, we focus on 
presenting the relations between miRNAs and apoptosis as well as autophagy in 
diverse types of cancer, which may spark off better understanding of miRNA- 
modulated apoptotic and autophagic signaling networks in cancer therapy.  

2     Anti-Apoptotic MicroRNAs 

 Accumulating evidence has recently revealed that a group of up-regulated miRNAs 
are regarded as oncogenes, including let-7a, miRNA-17-92 cluster, miRNA-21, 
miR-155 and miRNA-221/222. For example, miR-21, can target the programmed 
cell death 4 gene (PDCD4) and tropomyosin 1 (TPM1), and also phosphatase PTEN 
in breast cancer; and miR-17-92 cluster can be regarded as a family of oncogenes, 
directly targeting many genes involved in apoptosis. Thus, these miRNAs can 
negatively inhibit tumor suppressors that can control apoptosis, and thus leading 
to carcinogenesis (Fig.  10.1 ).

2.1       Let-7a 

 Let-7a is an important member in the let-7 family and its down-regulation can be 
associated with the over-expression of oncogenes such as RAS and HMGA2. 
Further, caspase-3 has been confi rmed to be the target of let-7a as the ectopic expression 
of let-7a can decrease the luciferase activity of a reporter construct containing the 
3′-untranslated region (3′-UTR) of caspase-3, and repress the enzyme expression in 
human squamous carcinoma A431 cells and hepatocellular carcinoma HepG2 cells. 
Moreover, let-7a is over-expressed while caspase-3 is down-regulated in A10A 
cells, a doxorubicin-resistant A431 subline. On the other hand, down- regulation 
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of let-7a has been demonstrated to increase the doxorubicin-induced apoptosis 
in A431 cells and HepG2 cells while the increase is suppressed by the caspase-3 
inhibitor. Therefore, targeting caspase-3, let-7a may play a functional role for modulating 
apoptosis in cancer (Kannan et al.  2009 ).  

2.2     MiR-17-92 Cluster 

 MiR-17-92 cluster (miR-17-3p, miR-17-5p, miR-18a, miR-20a, miR-19a, miR-19b- 1 
and miR-92a-1) can be up-regulated in a variety of tumors, including breast, lung, 
colon, stomach, and pancreas cancers. Moreover, the cluster located on chromosome 
13 seems to be frequently over-expressed in a range of hematopoietic malignancies, 
particularly B-cell lymphomas (Ota et al.  2004 ). 

 Because the miR-17-92 cluster can target many genes involved in apoptotic 
pathways, it seems that the combination of suppressing target mRNAs is responsible 
for the anti-apoptotic effect. The miR-17-92 cluster-induced cancer is closely asso-
ciated with the gene c-Myc, which encodes a basic helix-loop-helix transcription 
factor, promotes proliferation, inhibits apoptosis, induces tumor angiogenesis and 
cooperates with Myc for accelerating the development of lymphomas (Xiang and 
Wu  2010 ). Interaction between the cluster and c-Myc may modulate expression of 

  Fig. 10.1    MicroRNAs and apoptosis in cancer       
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the E2F transcription factor family (Aguda et al.  2008 ). The E2F1, a transcription 
factor promoting cell cycle progression, is induced by c-Myc and creates a reciprocal 
positive feedback loop by inducing c-Myc expression. MiR-17-5p and miR-20a can 
directly target the 3′-UTR of the E2F1 in a negative feedback loop of transcriptional 
regulation, and it seems that c-Myc simultaneously promotes E2F1 transcription 
and represses following translation, indicating a tightly controlled cell cycle progressive 
signal (Aguda et al.  2008 ). 

 The possible role of miR-17-92 cluster for evading normal apoptotic responses 
has been strengthened by validation of the pro-apoptotic gene Bim as a direct target. 
The pro-apoptotic gene Bim is a crucial regulator of B-cell survival and a tumor 
suppressor in the Eu-Myc model of B-cell lymphoma. Negative regulation of Bim 
by the miR-17-92 cluster may provide a mechanism for evasion of apoptosis. 
Further, miR-17-92 cluster can directly target PTEN to increase the level of anti-
apoptotic Bcl-2, contributing to the higher rate of proliferation and the lower rate of 
activation-induced cell death of lymphocytes in tumor organisms (Xiao et al.  2008 ). 
MiR-17-92 cluster can bind to the complementary site in the 3′-UTR of the cyclin 
D1 mRNA, which leads to the inhibition of proliferation of breast cancer cells.  

2.3     MiR-21 

 MiR-21, as an anti-apoptotic factor, has been found to be the most consistently 
up- regulated miRNA in many types of cancer, such as breast, lung, pancreatic, liver, 
stomach, colon and prostate cancers. MiR-21 can regulate apoptosis by targeting 
PTEN, PDCD4 and TPM1 (Wang and Lee  2009 ). 

 Down-regulation of PTEN can release its inhibition of protein kinase B (PKB), 
leading to signifi cantly reduced cancer cell apoptosis (Sayed et al.  2010 ). In normal 
hepatocyte cells, the down-regulation of PTEN is accompanied with the induction 
of phosphorylated Focal Adhesion Kinase (FAK), a major target of PTEN and an 
inhibitor of apoptosis. In addition, miR-21 regulation of PTEN may increase expres-
sions of two proteins MMP-2 and MMP-9, and expressions of these two proteins 
can be reduced when the generation of miR-21 can be inhibited (Meng et al.  2007 ). 

 Bringing several matched normal and tumor cells into comparison, miR-21 
seems to be up-regulated signifi cantly in tumor tissues, while the expression of 
PDCD4 is indicated to be higher in normal tissues. The similar regulation of PDCD4 
is observed in MCF-7 breast cancer cells and embryonic kidney HEK292T cells 
(Frankel et al.  2008 ). The regulation on PDCD4 lights the way that miR-21 can 
positively function on cancer via being up-regulated to inhibit the expression of 
anti-apoptotic PDCD4 in cancer. 

 Moreover, miRNA-21 can target TPM1, a member of TPM protein family 
which plays an important role in stabilizing the microfi lament of cytoskeleton and 
destabilizing in cancer cells. In breast cancer, inhibition of miR-21 may cause the 
increase of TPM1 protein expression, involved in the 3′-UTR of TPM1 (Zhu et al. 
 2007 ). The knockdown of miR-21 in cultured glioblastoma cells triggers activation 
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of caspases and leads to increased apoptotic cell death, indicating that miR-21 is 
an anti- apoptotic factor in human glioblastoma. Also, its aberrant expression may 
contribute to the malignant phenotype through blocking expression of critical 
apoptosis-related genes (Chan et al.  2005 ).  

2.4     MiR-155 

 The anti-apoptotic miR-155 has been found to be dysregulated in both solid and 
hematological malignancies such as lung cancer, colorectal cancer, pancreatic 
cancer and CLL. Additionally, its expression has been found to be correlated with 
chemo-resistance, tumor progression and survival. 

 CD40 signaling can promote proliferation and rescue B-cells from apoptosis 
partly through induction of BCL-2A1/BCL-2 L1 and repression of Bcl-2. And, a 
stromal cell/CD40 ligand (CD154) culture system reproduces this switch in survival 
protein expression in primary human leukemic B-cells. MiR-155 can require CD154 
for further induction to exert its full repressive effects, and anti-miR-155 can prevent 
CD154-mediated repression of Bcl-2 and thus reducing CD154-mediated proliferation 
in human leukemic B-cells. Therefore, miR-155 can be induced by CD154 and stromal 
cell signals, suggesting that Bcl-2 is one of their target mRNAs that can contribute 
to apoptosis (Willimott and Wagner  2012 ). 

 Acting as anti-apoptotic miRNA, miR-155 targets FADD mRNA, and exerts an 
inhibitory activity on caspase-3 (Tili et al.  2007 ). Moreover, miR-155 can target the 
tumor protein p53 inducible nuclear protein 1 (TP53INP1) (Gironella et al.  2007 ). 
TP53INP1 is a positive regulator of p53-dependent apoptosis by enhancing 
Ser46 phosphorylation of p53 which, in turn, induces p53-regulated the expression 
of apoptosis-inducing protein 1 (p53AIP1) and subsequent apoptotic cell death 
(Okamura et al.  2001 ). Hence, the over-expression of miR-155 can inhibit TP53INP1 
expression and attenuate apoptosis induced by TP53INP1.  

2.5     MiR-221/222 

 MiR-221 and miR-222 have been reported to be signifi cantly up-regulated in primary 
glioblastomas, papillary thyroid carcinoma and prostate cancer. The miRNA analysis 
has indicated different expressions of miRNAs in tumor necrosis factor- related 
apoptosis-inducing ligand (TRAIL)-resistant cells compared to TRAIL- sensitive 
H460 cells. Over-expression of miR-221 and miR-222, in TRAIL-sensitive cells 
can increase resistance to TRAIL-induced cell death and reduce activation of 
caspase-3 and caspase-8 (Garofalo et al.  2008 ). By contrast, inhibition of the two 
miRNAs in TRAIL-resistant cells may result in a TRAIL-sensitive phenotype, 
indicating their roles in determining cell sensitivity to TRAIL. The knockdown of 
both miR-221 and miR-222 through LNA anti-sense oligonucleotides increases the 
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levels of CDK inhibitor p27 kip1  in aggressive prostate carcinoma PC3 cells, and 
considerably reduces  in vitro  clonogenicity feature of the cells.  In vitro  inhibition of 
miR-221 and miR-222 can modulate expression of both Kit and p27 kip1  (Galardi 
et al.  2007 ). Thus, the role of miR-221/miR-222 has been identifi ed in determining 
cellular sensitivity to TRAIL-induced apoptosis by targeting caspase-3 and caspase- 8 
as well as through regulation of Kit and p27 kip1 .   

3     Pro-Apoptotic MicroRNAs 

 MiRNAs as tumor suppressors may function by negatively inhibiting oncogenes 
and those genes that inhibit apoptosis, and these miRNAs include let-7, which 
negatively regulates Ras and high mobility group A2 (HMGA2); miR-15a and 
miR-16- 1, which negatively regulate Bcl-2; miR-29, which can target Mcl-1, and 
miR- 34, which is induced by DNA damage and oncogenic stress in a p53-depen-
dent manner which leads to apoptosis. Other miRNAs such as miR-101, miR-193a, 
miR- 206, miR-320 and miR-512-3p can also play pro-apoptotic roles in cancer 
(Fig.  10.1 ). 

3.1     Let-7 Family 

 The let-7 family of miRNAs is a highly conserved group comprising 12 closely 
related members, and they represent 9 distinct let-7 sequences with identical seed 
sequences, or probably overlapping sets of targets. The let-7 gene was fi rstly identifi ed 
at fragile sites associated with human cancers, suggesting its possible role in human 
cancer. And, let-7 family members have been demonstrated to be responsible for 
negatively regulating the expression of multiple oncogenes including Ras and MYC 
(Calin et al.  2004 ). The let-7 family is complementary to multiple sites in the 
3′-UTR of human Ras genes, allowing let-7 to repress the expression of K-Ras and 
N-Ras. In lung squamous cell carcinoma, the down-regulation of let-7 miRNA in 
association with the over-expression of Ras has been reported consistent with let-7 
that can negatively regulate Ras (Johnson et al.  2007 ). The let-7 family has also 
been identifi ed to be down-regulated in Huh7 hepatoma cells in comparison with 
primary human hepatocytes, as well as possessing a putative target site in the Bcl- 
X L    mRNA. The over-expression of let-7c or let-7g can result in a clear decrease of 
Bcl-X L  expression in Huh7 and HepG2 cells, and a direct regulation the post- 
transcriptional level has been revealed in involving let-7c or let-7g and the 3′-UTR 
of Bcl-X L  mRNA (Kumar et al.  2008 ). HCC tissues with low expression of let-7c 
may display higher expression of Bcl-X L  protein than those with high expression of 
let-7c, suggesting that low let-7 expression may to the over-expression of Bcl-X L  
(Shimizu et al.  2010 ).  

10 MicroRNA-Modulated Apoptotic and Autophagic Signaling Networks in Cancer



240

3.2     MiR-15a/16-1 

 MiR-15a and miR-16-1 are clustered on human chromosome 13q14 which is 
frequently lost or down-regulated in CLL and several solid tumors. It has been pro-
posed that both miR-15a and miR-16-1 can promote the normal apoptotic response 
by direct targeting the anti-apoptotic gene Bcl-2, indicating the probable tumor 
suppressive function of these two miRNAs in tumorigenesis (Cimmino et al.  2005 ). 
The interaction between miR-15a and miR-16-1 and anti-apoptotic gene Bcl-2 leads 
to cleavage of procaspase-9 and poly ADP-ribose polymerase (PARP), and activation 
of the intrinsic apoptotic pathway. Given that Bcl-2 is over-expressed in the majority 
of CLL malignant lymphocytes, the control of Bcl-2 expression by the miR-15/16 
cluster can be considered as one of the main molecular mechanisms of this phenom-
enon (Xia et al.  2008 ). Moreover, it has been revealed that in non-small- cell lung 
cancer (NSCLC) cells, cyclin D1, cyclin D2 and cyclin E1 are directly regulated by 
physiological concentrations of miR-15a and miR-16-1 (Bandi et al.  2009 ).  

3.3     MiR-29 

 Mcl-1 is a potent multi-domain anti-apoptotic protein of the Bcl-2 family which 
specifi cally binds to pro-apoptotic members Bim and Bid preventing TRAIL- 
induced cell death (Lu et al.  2013 ). Upon binding, the receptor trimerizes, recruits 
the adaptor protein FADD, and initiates the caspase cascade, which may result in 
apoptosis. The correlation between miR-29 and Mcl-1 expression has been demon-
strated in malignant KMCH cholangiocarcinoma since miR-29 expression can be 
reduced in cholangiocarcinoma cells which can express Mcl-1 protein. Owing to 
KMCH cholangiocarcinoma cells that are resistant to TRAIL-induced apoptosis, 
the over-expression of miR-29 sensitized the cancer cells to TRAIL cytotoxicity, in 
which miR-29 can negatively regulate Mcl-1 protein levels (Mott et al.  2007 ). The 
analysis of primary acute myeloid leukemia (AML) samples reveals the relation 
between miR-29b and Mcl-1 expression, in which miR-29 can induce global DNA 
hypomethylation (Garzon et al.  2009 ). Moreover, an enforced expression of 
miR- 29b renders tumor cells more sensitive to apoptosis-inducing activity of TRAIL, 
suggesting that the miR-29b/Mcl-1 connection is functionally important and can be 
exploited for cancer therapy (Marcucci et al.  2009 ).  

3.4     MiR-34 

 Of note, p53 serves as a trans-activator or trans-repressor for many different down-
stream genes to trigger apoptotic response. The p53-mediated trans-activation of 
apoptosis-related genes includes pro-apoptotic Bcl-2 family members leading to 
the intrinsic apoptotic pathway; apoptotic peptidase activating factor-1 (Apaf-1), 
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Fas/CD95, DR4 and DR5, and components of the extrinsic apoptotic pathways 
(Solá et al.  2013 ). MiR-34 family can be direct and conserved p53 target genes, and 
thus inducing apoptosis. The miR-34 family of miRNAs, including miR-34a, -b and -c, 
comprises three processed miRNAs that are encoded by two different genes 
(Bommer et al.  2007 ). The highly conserved miR-34 family is involved in p53-mediated 
cell apoptosis; however, miR-34a is also regulated independent of p53 during 
oncogene-induced senescence (He et al.  2007 ). The over-expression of miR-34 
leads to G1 cell-cycle arrest and apoptosis in various cancer cells, whereas reduc-
tion of miR-34 expression attenuates p53-mediated apoptosis, indicating that 
miRNAs affect tumor suppressive pathways can suppress cancer cell proliferation 
(Chang et al.  2007 ). Moreover, the p53-induced transactivation of miR-34 promotes 
apoptosis and leads to dramatic reprogramming of gene expression, and particularly 
the genes regulate apoptosis. A genome-wide screening for p53-regulated miRNAs 
has shown that the most pronounced increase in miRNA abundance after p53 
activation is observed for miR-34a, in which a dramatic induction of the miR-34a 
primary transcript after p53 activation is detected Moreover, the function of 
p53-induced miR-34a in apoptosis is determined by transfection of H1299 cells 
with duplex siRNAs corresponding to processed miR-34a (Raver-Shapira et al.  2007 ). 
Interestingly, the over-expression of miR-34 leads to a mild decrease in the Bcl-2 
protein level, and thus miR-34a can act together with other miRNAs such as miR-15 
and miR-16 to suppress effi ciently anti-apoptotic Bcl-2. Further, miR-34a is a 
potent suppressor of cell proliferation through modulation of E2F signaling 
pathway. Therefore, miR-34a expression may cause reprogramming of genes involved 
in p53-mediated cell apoptosis (Concepcion et al.  2012 ). Moreover, miR-34a and 
miR-34c can target platelet-derived growth factor receptor alpha and beta 
(PDGFR- α/β) and cell surface tyrosine kinase receptors that can induce cancer cell 
proliferation, migration and invasion. Thus, down-regulation of miR-34a/c-dependent 
PDGFR-α/β can inhibit tumorigenesis and then enhancing TRAIL-induced apoptosis 
in NSCLC cells (Garofalo et al.  2013 ).  

3.5     Other miRNAs 

 Other miRNAs can act as tumor suppressors to induce apoptosis in different cancers. 
MiR-101 signifi cantly represses the expression of luciferase carrying the 3′-UTR of 
Mcl-1 and reduces the endogenous protein level of Mcl-1, whereas the miR-101 
inhibitor obviously up-regulates Mcl-1 expression and inhibits apoptosis. Moreover, 
silencing of Mcl-1 can phenocopy the effect of miR-101, and the forced expression 
of Mcl-1 may reverse the pro-apoptotic effect of miR-101 (Su et al.  2009 ). The over-
expression of miR-193a can induce an activation of caspase-3, leading to apoptosis 
in A2780 cells. Another genome-wide gene expression with miR-193a-transfected 
A2780 cells leads to identifi cation of ARHGAP19, CCND1, ERBB4, K-Ras and 
Mcl-1 as potential targets, and miR-193a can decrease the amount of Mcl-1 by binding 
3′-UTR of its mRNA (Nakano et al.  2013 ). Interestingly, over-expression of miR-206 

10 MicroRNA-Modulated Apoptotic and Autophagic Signaling Networks in Cancer



242

can decrease levels of Notch 3 protein and its mRNA, and then the expression 
of miR-206 may markedly induce apoptosis and thus blocking the anti-apoptotic 
activity of Notch 3. In addition, the ectopic expression of miR-206 inhibits HeLa 
cell migration. Thus, miR-206 has been identifi ed as a pro- apoptotic activator of 
cell death, which is associated with its inhibition of Notch 3 signaling and tumor 
formation (Chen et al.  2009 ). Moreover, the exogenous expression of miR-320 
has been demonstrated to play a negative role in Mcl-1 or Bcl-2 expression and 
facilitate chemotherapeutic drug-triggered apoptosis in cholangiocarcinoma cells 
(Chen et al.  2009 ). The dysregulation of the anti-apoptotic protein cellular FLICE-
like inhibitory protein (c-FLIP) is associated with tumorigenesis and progress of 
most human cancers. MiR-512-3p can negatively regulate c-FLIP expression via a 
conserved miRNA-binding site in 3′-UTR of c-FLIP, and additional transfection of 
miR-512-3p remarkably promotes taxol-induced apoptosis, confi rming a regulatory 
mechanism that down-regulation of c-FLIP by miR-512-3p may contribute to 
apoptosis (Chen et al.  2010 ).   

4     MicroRNAs and Autophagic Signaling Networks 

 Autophagy is an evolutionarily conserved cellular catabolic process in which proteins 
and organelles are eliminated through delivery to lysosomes. In cancer, autophagy 
is an important physiological mechanism that may be a means of temporary survival   ; 
but if cellular stress results in continuous or excessively induced autophagy, cell death 
would ensue. Therefore, autophagy may act as the Roman God Janus by regulating 
a limited number of autophagy-related (Atg) genes and ultimately sealing the fate of 
cancer (Choi et al.  2013 ). 

 The induction of autophagy is initiated by the complex composed of ULK1/2, 
mAtg13, FAK family interacting protein of 200 kDa (FIP200) and Atg101, in which 
miR-106a and miR-885-3p can directly target ULK2 (Huang et al.  2011 ). 
Interestingly, conserved and predicted binding sites for miR-885-3p exist in other 
Atgs, including the ULK1/2-binding partner mAtg13, Atg9A and Atg2B. Then 
vesicle nucleation occurs, in which proteins and lipids are recruited for construc-
tion of the autophagosomal membrane, and this process is initiated by activation 
of the class III PI3K/Beclin-1 complex. Numerous binding partners of this com-
plex function as either positive or negative regulators, including BAX- interacting 
factor-1 (Bif-1), Atg14L, UV irradiation resistance-associated gene (UVRAG), 
activating molecule in Beclin-1-regulated autophagy protein 1 (Ambra1) and 
Rubicon (Fu et al.  2013 ). MiR-30a and miR-519a can directly regulate Beclin-1, 
and over-expression of miR-30a can reduce rapamycin-induced autophagy. Another 
miRNA that targets Beclin-1 is miR-376b, which is a direct target of Atg4C. 
The direct regulation of UVRAG, a Beclin-1 binding partner, is regulated by 
both miR- 374a and miR-630 (Frankel and Lund  2012 ). Additionally, miR-101 has 
been identifi ed as a potent inhibitor of autophagy via targeting a small guanosine 
triphosphatase, RAB5A. Two unique ubiquitin-like conjugation systems are involved 
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in vesicle elongation. One pathway involves the covalent conjugation of Atg12 to 
Atg5 in a reaction that requires the E1-like and E2-like enzymes, Atg7 and Atg10, 
respectively (Choi et al.  2013 ). MiR-204 is a recently identifi ed miRNA regulator of 
the vesicle elongation process, and its role for autophagic regulation in renal clear 
cell carcinoma (RCC) via its modulation of LC3B. MiR-375 can directly target Atg7, 
an E1-like enzyme required for the initial step in both conjugation systems in HCC. 
MiR-130a may be down-regulated by interfering with Atg9-Atg2-Atg18 complex 
formation    (Xu et al.  2012a ). Another regulator of the retrieval step is miR-34a, is 
identifi ed as a direct regulator of Atg9A. The miR-17/20/93/106 family of miR-
NAs may share the common seed sequence and are regulators of SQSTM1, which 
encodes the poly-ubiquitin binding protein p62, and binds to LC3 and acts as a 
selective autophagy receptor and molecular carrier of cargo to be degraded by 
autophagy (Frankel and Lund  2012 ) (Fig.  10.2 ).

   The involvement of miRNA in autophagy was fi rstly reported in cancer that miR- 
30a could down-regulate Beclin-1, whose mimics blunted activation of autophagy 
induced by rapamycin. Recent reports further support a functional signifi cance of 
miR-30a-mediated autophagy is against CML cells, and miR-30a can also sensitize 
tumor cells to cisplatin by suppressing Beclin-1-mediated autophagy (Zhu et al.  2009 ). 
MiR-18a can potentially regulate Ataxia telangiectasia mutated (ATM) which 
up-regulates the process of autophagy. The impact of miR-18a on autophagy and 
ATM expression has recently been revealed in HCT116 colon cancer cells. Then, 
the over-expression of miR-18a in HCT116 cells is found to potently enhance 

  Fig. 10.2    MicroRNAs and autophagy in cancer       
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autophagy and ionize radiation-induced autophagy. The over-expression of 
miR- 18a leads to the increase of ATM and suppression of mTORC1 activity. Thus, 
the role of miR-18a in regulating autophagy and ATM gene expression in colon 
cancer cells reveals a novel function of miR-18a with signifi cant impacts in cancer 
(Qased et al.  2013 ). The tumor suppressive miR-101 is a potent inhibitor of basal 
autophagy. Through the transcriptome profi ling, three novel miR-101 targets including 
STMN1, RAB5A and Atg4D have been identifi ed, and siRNA-mediated depletion 
of these genes may phenocopy the effect of the miR-101 over-expression. Importantly, 
the over-expression of STMN1 will partially rescue cells from miR-101- mediated 
inhibition of autophagy, indicating a functional importance of this target. In an  in vivo  
tumor setting, progressive loss of miR-101 can contribute to elevated levels of 
autophagy in cancer cells, enabling long-term tumor cell survival by allowing them 
to cope with metabolic stress and promoting eventual re-growth following treatment 
(Frankel et al.  2011 ). Atg2B has been demonstrated as a direct target of miR-130a, 
and down-regulation of Atg2B expression can be transfected with miR-130a in 
CLL. Atg2B can interact with Atg2A and WDR45, and thus being possibly involved 
in vesicle nucleation and the initial step of autophagosome formation regulation of 
Atg2B and DICER1, the latter is a major component of the miRNA silencing 
machinery. The knockdown of DICER1, a highly conserved protein with endonu-
clease RNase III activity, may lead to reduced autophagic fl ux in CLL. Thus, miR-
130a is involved in autophagy in CLL cells by regulating maturation and activity of 
many miRNAs, multiplying the amount of indirect effective target genes (Kovaleva 
et al.  2012 ). The over-expression of miR-181a may result in the attenuation of 
starvation-induced and rapamycin-induced autophagy in MCF-7, Huh-7 and K562 
cells. The antagomir-mediated inactivation of endogenous miRNA activity can also 
stimulate autophagy. Indeed, the cellular level of Atg5 can decrease upon miR-181a 
over-expression and increase following the introduction of antagomirs. Thus, Atg5 has 
been identifi ed as a miR-181a target (Tekirdag et al.  2013 ). The level of miR-199a-5p 
is found to be signifi cantly reduced in HCC patients treated with cisplatin-based 
chemotherapy. Cisplatin treatment may also lead to decreasing miR-199a-5p levels 
in HCC cells. The forced expression of miR-199a- 5p promotes cisplatin-induced 
inhibition of cell proliferation, and cisplatin treatment can activate autophagy in 
Huh7 and HepG2 cells, which may increase cell proliferation. The down-regulation 
of miR-199a-5p can also enhance autophagy activation by targeting Atg7 (Xu et al. 
 2012b ). The role of tumor suppressive miR-204 in autophagy regulation was ini-
tially recognized in cardiomyocytes and further confi rmed in the context of RCC 
via LC3B. The miR-204 over-expression can arrest subcutaneous tumor growth 
relative to a control miRNA with a mutated seed sequence, and its effects are res-
cued upon re-expression of LC3B lacking the 3′-UTR. In addition, a negative cor-
relation between LC3B and miR-204 is shown in RCC. Interestingly, the 
regulation of miR-204 in autophagy and cytotoxity occurs only when the von 
Hippel-Lindau tumor suppressor gene (VHL) is absent (Mikhaylova et al.  2012 ). 
In addition, miR-221/222 can inhibit the cell cycle inhibitor p27 Kip1 , a downstream 
modulator of PI3KCI/Akt, and thus leading to autophagic cell death in HER2/
neu-positive primary human breast carcinoma MCF-7 cells. The ectopic expression 
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of miR-221/222 can render the parental MCF-7 cells resistant to tamoxifen. Thus, a 
relationship has been demonstrated between miR-221/222 expression and HER2/
neu over-expression in breast tumors which are generally resistant to tamoxifen 
therapy (Miller et al.  2008 ). MiR-375 plays a predominantly inhibitory role in 
autophagy activation by attenuating the protective role of autophagy by targeting 
Atg7, Atg4D, STMN1 and RAB5A in HCC. Further, miR-375, normally down-
regulated in HCC when exogenously expressed, was shown to inhibit autophagy in 
response to hypoxia by targeting Atg7, reducing the conversion of LC3I to LC3II. 
Xenograft tumors that express miR-375 have fewer autophagic cells, larger areas of 
necrosis, and grow more slowly than tumors from HCC cells that express lower 
levels of miR-375 (Chang et al.  2012 ). Moreover, miR-502 can directly suppress 
autophagy by decreasing the expression of RAB1B in colon cancer cells. RAB1B is 
a small GTPase from Ras superfamily to modulate autophagic activity through 
the regulation of autophagosome formation. RAB1B has been shown to regulate 
vesicle traffi cking at multiple stages and directly impact autophagy in liver cancer. 
The ectopic expression of miR-502 can interrupt autophagic fl ux under acute and 
prolonged nutrient starvation in HCT-116 cells (Zhai et al.  2013 ) (Fig.  10.2 ). 

 Ever since the fi rst autophagy-associated miRNA, miR-30a, was described in 
2009, our knowledge of miRNAs in autophagy has rapidly accumulated. Additional 
tumor-related miRNAs such as miR-18, miR-101, miR-130a, miR-199a-5p, 
miR- 204, miR-221/222, miR-375 and miR-502 have been found to target 
autophagic pathways in cancer. Moreover, miRNAs also represent an additional 
player in the intricate interconnection between autophagy and apoptosis. Therefore, 
multiple miRNAs together with their multiple downstream genes form a complicated 
regulatory network.  

5     Concluding Remarks 

 During the past two decades, several studies have focused on the understanding of 
the regulatory role of miRNAs in diverse types of human cancers, acting as either 
oncogenes or tumor suppressors (Babashah and Soleimani  2011 ; Babashah et al. 
 2012 ). Many lines of evidence support their important roles in apoptosis and 
autophagy, which may establish a basis for understanding mechanisms linking 
miRNA deregulation to core apoptotic and autophagic pathways. Several oncogenic 
or tumor suppressive miRNAs can regulate important apoptotic and autophagic 
signaling pathways involving Atgs, Bcl-2 family, caspases, the mTORC1 cascade, 
and p53. Moreover, these oncogenic and tumor suppressive miRNAs regulate 
apoptosis and autophagy not at the level of single gene or protein product but at 
the level of the entire network (Fu et al.  2012 ). 

 Identifi cation of miRNAs as modulators of gene expression has revealed that 
they can be used as novel diagnostic and prognostic indicators. Unlike other types 
of biomarkers, miRNAs have special characteristics, including stability, ease of 
detection and association with established clinic-pathological prognostic parameters 
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which make them robust and reliable biomarkers of cancer (Garzon and Marcucci 
 2012 ). Notably, several potential biomarker miRNAs in tumors, such as let-7, miR-21, 
miR-34, miR-125, miR-155, miR-181 and miR-221/222, are also involved in the 
apoptotic and autophagic pathways; therefore, additional studies must be conducted 
to determine whether those biomarkers are involved in apoptosis and autophagy 
in cancers. Further, the advantage of applying miRNAs for cancer therapy is that 
they offer an alternative for targeting multiple gene networks controlled by a single 
miRNA. Through miRNA therapy, personalized cancer treatment can either decrease 
the activity of oncogenic miRNAs or restore levels of tumor suppressive miRNAs 
(Nana-Sinkam and Croce  2013 ). Interestingly, oncogenic miRNAs, including miR-
17-29 cluster, miR-21, miR-155 and miR-221/-222, have been found in both the 
apoptotic and autophagic pathways in cancer, suggesting that targeting the 
apoptotic and autophagic pathways by miRNAs can be involved in cancer therapy. 
Similar to oncogenic miRNAs, tumor suppressive miRNAs including let-7 and 
miR-34 are also involved in the apoptotic and autophagic pathways, further indicating 
that apoptosis and autophagy may play their important roles in miRNA cancer 
therapy (Fig.  10.3 ).

   However, despite increasing and encouraging evidence linking miRNAs to apoptosis 
and autophagy in cancer, many important questions remain to be addressed. Although 
the identifi cation and validation of miRNA targets has greatly improved during the 
last few years, we know little regarding the cellular and molecular circuits in 
which they are involved. It also indicates that there is a complicated regulatory 

  Fig. 10.3    MicroRNAs as ( a ) diagnostic biomarkers and ( b ) therapeutic targets in cancer       
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network of multiple miRNAs and multiple downstream genes that are important 
for future studies. The assessment of the potential for miRNAs as biomarkers is 
only beginning, because greater attention has been paid to the role of miRNAs in 
cancer. We may next focus on the expression of miRNAs in different stages of can-
cer, or we may consider whether some known oncomiRs as biomarkers are involved 
in the apoptotic and autophagic networks. There are also several limitations of 
using therapeutic miRNA targets in cancer. Lastly, the ability of miRNAs to target 
multiple molecules in different cancer cells that belong to apoptotic or autophagic 
pathways complicates matters further. We can use systems biology to help establish 
a network of important pathways in apoptosis and autophagy, thereby revealing the 
role of miRNAs in the network. Therefore, it is conceivable that modulating miR-
NAs will change cancer cells in response to stress by altering both apoptotic and 
autophagic processes, which would in turn provide novel therapeutic strategies to 
fi ght human cancers.     
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    Abstract     MicroRNAs (miRNAs) are important regulators of distinct biological 
processes and are tightly related with several diseases, including cancer. In the last 
years, miRNAs have been shown to play an important role in drug resistance/
sensitivity to anticancer drugs. This chapter fi rst addresses the phenomenon of 
drug resistance in cancer cells. It then describes the role of miRNAs in drug 
resistance or drug sensitivity, including a review of the role of miRNAs and their 
validated targets in cancer drug resistance. Furthermore, it focuses on miRNAs that 
target cellular proteins related to drug resistance such as p53 or proteins involved 
in cellular  processes such as apoptosis, autophagy, DNA damage response, epithe-
lial to  mesenchymal transition and cancer stem cell phenotype, drug effl ux or drug 
 metabolism. In addition, the non-genetic acquisition of drug resistance through the 
transfer of miRNAs from drug resistant to drug sensitive cells via microvesicles or 
exosomes is also discussed. Finally, the known miRNA polymorphisms associated 
with drug resistance are addressed.  

  Keywords     MicroRNA   •   Drug sensitivity   •   Drug resistance   •   Drug effl ux   • 
  Microvesicles   •   miRs-polymorphisms  

1         Cancer Drug Resistance 

 Chemotherapy is an important treatment modality for many types of cancer and it is 
the main treatment for advanced and surgically resectable cancers. Targeted 
 therapies have been more recently developed with the emergence of small  molecules 
which target specifi c kinases or receptors in the cell that are known to be deregu-
lated in cancer. Despite the benefi ts in improving overall survival and quality of life 
for patients, the therapeutic success of both conventional chemotherapy and  targeted 
therapeutics is often limited due to drug resistance [reviewed in Broxterman et al. 
( 2009 ); Stegmeier et al. ( 2010 ); Fojo ( 2007 )]. 

 Cancer drug resistance may be intrinsic, based on genetic characteristics of 
tumor cells that are insensitive to therapeutic agents even before treatment –  intrinsic 
resistance – or may appear  de novo , after treatment with a chemotherapeutic agent 
– acquired resistance. This resistance enables the tumor cells to escape the cyto-
toxic/cytostatic effect of anticancer drugs and thus allows the tumor to persist and 
eventually progress. 

 Cancer drug resistance has been thoroughly studied in cell lines, animal models 
and cancer patients, in order to elucidate the cellular and molecular mechanisms 
involved. These mechanisms may comprise genetic alterations, such as a particular 
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gene amplifi cation, translocations and mutations, or epigenetic modifi cations that 
alter the function of pivotal genes [reviewed in Fojo ( 2007 ); Wilting and Dannenberg 
( 2012 )]. In any of the cases, the mechanisms are generally divided into two main 
groups: those that disturb the delivery and maintenance of the drugs in the cells and 
those arising from molecular alterations that affect drug sensitivity [reviewed in 
Gottesman et al. ( 2002 )]. 

 Cancer drug resistance has been shown to be very hard to tackle, mostly due to 
two factors: (i) the intra-tumor heterogeneity [due to expansion of multiple clones, 
some being more aggressive than others (Gerlinger et al.  2012 )] and (ii) the tumor 
dynamics [with genetic instability and accumulations of mutations throughout 
tumor development (Sequist et al.  2011 )]. In addition, an evolutive adaptation of 
cancer cells to drugs has been proposed as a mechanism that promotes drug 
 resistance [reviewed in Gerlinger and Swanton ( 2010 )]. 

The most common cause for acquisition of cancer drug resistance is the expression 
of energy-dependent transporters (or drug effl ux pumps), that detect some anticancer 
drugs and carry out the effl ux of such drugs from the cancer cells. Since the drug 
effl ux transporters are not specifi c for a designated substrate, cells that over-express 
drug effl ux pumps such as P-glycoprotein (P-gp) are resistant to various drugs, a phe-
notype known as multidrug resistance (MDR) [reviewed in Gottesman et al. ( 2002 )]. 
However,  several other mechanisms of drug resistance are known to occur, such as 
 insensitivity to drug-induced apoptosis, enhanced drug metabolism, increased DNA 
repair or mutations in drug targets [reviewed in Gottesman et al. ( 2002 ); Fojo ( 2007 ); 
Borst ( 2012 )]. Table  11.1  summarizes the most common mechanisms of drug resis-
tance. In this chapter, we review the current knowledge on the role of microRNAs 
 (miRNAs), a class of small non-coding regulatory RNAs, in drug resistance.

2        Anticancer Drugs May Affect Cellular 
MicroRNA Expression 

 MiRNA expression has been shown to be altered by anticancer drugs. For  example, 
a panel of 60 human cancer cell lines (NCI-60) which has been used to screen 
more than 100,000    compounds for their anticancer potential, has been profi led for 
mRNA and protein expression, mutational status, DNA copy number, chromosomal 
alterations (Boyd and Pauli  1995 ) and miRNA expression (Gaur et al.  2007 ; 
Blower et al.  2007 ). These studies have shown a correlation between the expression 
pattern of some miRNAs and the growth inhibitory pattern of certain drugs, which 
may indicate a role for such miRNAs in drug response (Blower et al.  2007 ). 

 Other studies have also shown that anticancer drugs affect miRNAs expression 
(Rossi et al.  2007 ; Flamant et al.  2010 ; Gmeiner et al.  2010 ). Nevertheless, the 
results cannot be analyzed straightforward as the observed alterations are due to 
specifi c characteristics of the experimental design such as drug concentration, time 
of exposure to the drug or the type of cells in which the anticancer drugs were 
tested. Therefore, the precise function of each miRNA might not be easy to assess 
and still needs extensive work.  
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3     MicroRNAs Involved in Cancer Drug Response: Drug 
Sensitivity and Drug Resistance 

 The fact that various cancer drugs affect cellular miRNAs expression indicates that 
miRNAs may be important regulators of mechanisms involved in treatment out-
come. Nevertheless, it is not known if those miRNAs have a function in drug 
response or in drug resistance, or both. In order to confi rm this, functional studies, 
either by over-expressing or silencing the expression of such miRNAs in cell lines 
have been performed (Table  11.2 ).

   As can be seen by Table  11.2 , a great number of miRNAs have been shown to 
modulate drug response. Some of them have been described more frequently than 
others, granting them more recognition in drug resistance and thus will be described 
here in more detail. 

3.1     MiR-21 

 MiR-21 is over-expressed in almost all types of tumors (Volinia et al.  2006 ) and it 
is generally accepted as being an “oncomiR”. Its expression is often associated 
with drug resistance, fi rstly described when down-regulation of miR-21 sensitized 

   Table 11.1    Examples of cancer drug resistance mechanisms   

 Mechanism  Example  Reviewed in 

 Over-expression of effl ux 
pumps 

 Over-expression of P-gp conferring 
resistance (several drugs) 

 Fletcher et al. 
( 2010 ) 

 Increase drug detoxifi cation  Increased activity of the enzyme 
CYP3A4 conferring resistance to 
docetaxel 

 Akhdar et al. ( 2012 ) 

 Deregulation of apoptosis 
mechanisms 

 Over-expression of anti-apoptotic 
proteins e.g. Bcl-2 (several drugs) 

 Rebucci and 
Michiels ( 2013 ) 

 Point mutations in genes 
coding for drug targets 

 T315I mutation in BCR-ABL confers 
resistance to imatinib 

 Garraway and 
Janne ( 2012 ) 

 Over-expression of oncogenes 
causing dysfunction 
in signaling molecules 
and kinases 

 HER2 (ERBB2) amplifi cation (several 
drugs) 

 Garraway and 
Janne ( 2012 ) 

 Activation of alternative 
mechanisms 

 MET over-expression with sustained 
activation of PI3K/Akt signaling 
confers resistance to TKIs 

 Kosaka et al. ( 2011 ) 

 Tumor microenvironment  Hypoxia-induced resistance (several 
drugs) 

 Rebucci and 
Michiels ( 2013 ) 

 Epigenetic alterations  Distinct chromatin state mediated by 
the histone demethylase KDM5A 
confers resistance to erlotinib 

 Garraway and 
Janne ( 2012 ) 

 MiRNAs  MiR-21 over-expression (several drugs)  Chen et al. ( 2012c ) 

H. Seca et al.



255

    Table 11.2    Role of some microRNAs and validated targets in cancer drug resistance   

 MicroRNA 

 Manipulation 
of expression 
carried out a   Obtained result  Validated direct target 

 miR-1  ↑  Sensitizes lung cancer cells to DOX 
(Nasser et al.  2008 ) 

 MET, FOXP1 

 miR-7  ↑  Sensitizes breast cancer cells to CDDP 
(Pogribny et al.  2010 ) 

 ABCC1 

 ↑  Sensitizes head and neck cancer cells to 
erlotinib (Kalinowski et al.  2012 ) 

 EGFR 

 miR-10a *   ↓  Inhibition sensitizes glioblastoma cells 
to TMZ (Ujifuku et al.  2010 ) 

 Unknown 

 miR-10b  ↑  Confers resistance to 5-FU in colon 
cancer cells (Nishida et al.  2012 ) 

 BIM 

 miR-15a  ↑↓  Modulates TAM resistance in breast 
cancer cells (Cittelly et al.  2010a ) 

 BCL2 

 miR-15b  ↑↓  Modulates CDDP resistance in tongue 
cancer cells (Sun et al.  2012 ) 

 BMI1 

 ↑↓  Modulates CDDP, DOX, VP-16 and 
VCR resistance in gastric cancer 
cells (Xia et al.  2008 ) 

 BCL2 

 miR-16  ↑↓  Modulates CDDP, DOX, VP-16 and 
VCR resistance in gastric cancer 
cells (Xia et al.  2008 ) 

 BCL2 

 ↑↓  Modulates TAM resistance in breast 
cancer cells (Cittelly et al.  2010a ) 

 BCL2 

 miR-17  ↑↓  Modulates AZD6244 resistance in lung 
cancer cells (Dai et al.  2011 ) 

 Unknown 

 miR-17  ̴ 92  ↑↓  Confers resistance to DOX and 
topotecan and modulates VP-16 
resistance in mantle cell lymphoma 
cells (Rao et al.  2012 ) 

 BIM, PTEN, PHLPP2 

 miR-19  ↓  Inhibition sensitizes breast cancer cells 
to PTX, VP-16 and MX (Liang et al. 
 2011 ) 

 PTEN 

 miR-19a  ↑↓  Modulates 5-FU, CDDP and DOX 
resistance in gastric cancer cells 
(Wang et al.  2013a ) 

 PTEN 

 miR-19b  ↑↓  Modulates 5-FU, CDDP and DOX 
resistance in gastric cancer cells 
(Wang et al.  2013a ) 

 PTEN 

 miR-20a  ↑↓  Modulates 5-FU, DOX and VM-26 
resistance in colon cancer cells (Chai 
et al.  2011 ) 

 BNIP2 

(continued)
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 MicroRNA 

 Manipulation 
of expression 
carried out a   Obtained result  Validated direct target 

 miR-21  ↑↓  Modulates DTX resistance in prostate 
cancer cells (Shi et al.  2010 ) 

 PDCD4 

 ↑  Sensitizes tongue cancer cells to CDDP 
(Yu et al.  2010 ) 

 Unknown 

 ↑↓  Modulates DNR resistance in leukemia 
cancer cells (Bai et al.  2011 ) 

 PTEN 

 ↑↓  Modulates CDDP resistance 
in neuroblastoma cells 
(Chen et al.  2012d ) 

 PTEN 

 ↑↓  Modulates gemcitabine resistance 
in pancreatic cancer cells 
(Dong et al.  2011 ) 

 BCL2 

 ↑↓  Modulates Trastuzumab resistance in 
breast cancer cells (Gong et al.  2011 ) 

 PTEN 

 ↓  Inhibition sensitizes prostate cancer cells 
to STS (Li et al.  2009a ) 

 MARCKS 

 ↓  Inhibition sensitizes leukemia cells to 
ATO (Li et al.  2010a ) 

 PDCD4 

 ↑↓  Modulates CDDP and DTX resistance in 
lung cancer cells (Liu et al.  2013c ) 

 PTEN 

 ↑↓  Modulates DOX resistance in bladder 
cancer cells (Tao et al.  2011 ) 

 PTEN 

 ↑↓  Modulates 5-FU resistance in HCC cells 
(Tomimaru et al.  2010 ) 

 PDCD4, PTEN 

 ↑  Confers resistance to 5-FU in colon 
cancer cells (Valeri et al.  2010 ) 

 hMSH2 

 ↑↓  Modulates DOX resistance in breast 
cancer cells (Wang et al.  2011d ) 

 PTEN 

 ↑↓  Modulates DEX and DOX resistance 
in multiple myeloma cells 
(Wang et al.  2011b ) 

 RHOB 

 ↓  Inhibition sensitizes lung cancer cells 
to gefi tinib (Garofalo et al.  2012b ) 

 Unknown 

 ↓  Inhibition sensitizes glioblastoma cells 
to VM-26 (Li et al.  2009b ) 

 LRRFIP1 

 ↑  Confers resistance to gemcitabine 
in pancreatic cancer cells 
(Giovannetti et al.  2010 ) 

 PTEN 

 ↑↓  Modulates gemcitabine resistance 
in cholangiocarcinoma cells 
(Meng et al.  2006 ) 

 PTEN 

 ↓  Inhibition sensitizes CLL cells to 
fl udarabine (Ferracin et al.  2010 ) 

 Unknown 

 ↓  Inhibition sensitizes lung cancer cells 
to AG1478 (Seike et al.  2009 ) 

 Unknown 

 miR-22  ↑  Sensitizes p53-mutated colon cancer 
cells to PTX (Li et al.  2011b ) 

 Unknown 

Table 11.2 (continued)
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 MicroRNA 

 Manipulation 
of expression 
carried out a   Obtained result  Validated direct target 

 miR-23a  ↓  Inhibition sensitizes tongue cancer cells 
to CDDP (Yu et al.  2010 ) 

 TOP2B 

 miR-24  ↑  Sensitizes breast and lung cancer cells 
to TRAIL (Xie et al.  2013 ) 

 XIAP 

 ↑  Confers resistance to MTX in colon 
cancer cells (Mishra et al.  2007 ) 

 DHRF 

 ↓  Modulates bleomycin and CDDP 
resistance in CML and HCC cells 
(Lal et al.  2009 ) 

 H2AX 

 miR-25  ↓  Modulates TRAIL resistance in 
cholangiocarcinoma cells 
(Razumilava et al.  2012 ) 

 DR4 

 miR-27a  ↓  Inhibition sensitizes ovarian cancer cells 
to vinblastine (Zhu et al.  2008 ) 

 Unknown 

 ↑  Sensitizes leukemia cells to DOX 
(Feng et al.  2011 ) 

 ABCB1 

 ↑↓  Modulates PTX resistance in ovarian 
cancer cells (Li et al.  2010b ) 

 HIPK2 

 ↓  Inhibition sensitizes gastric cancer cells 
to 5-FU, CDDP, DOX and VCR 
(Zhao et al.  2011a ) 

 CCND1 

 miR-29c  ↑  Sensitizes nasopharyngeal carcinoma 
cells to CDDP (Zhang et al.  2013 ) 

 BCL2, MCL1 

 miR-30a  ↑↓  Modulates dasatinib, imatinib and 
nilotinib resistance in CML cells 
(Yu et al.  2012b ) 

 BECN1 

 ↑  Sensitizes cervical and gastric cancer 
cells to CDDP and breast cancer cells 
to PTX (Zou et al.  2012 ) 

 BECN1 

 ↑  Sensitizes breast cancer cells to PTX 
(Bockhorn et al.  2013 ) 

 Unknown 

 miR-30a *   ↑  Sensitizes breast cancer cells to DOX 
and PTX (Bockhorn et al.  2013 ) 

 Unknown 

 miR-30b  ↑↓  Modulates gefi tinib resistance in lung 
cancer cells (Garofalo et al.  2012b ) 

 BIM 

 miR-30c  ↑↓  Modulates gefi tinib resistance in lung 
cancer cells (Garofalo et al.  2012b ) 

 BIM 

 ↑  Sensitizes breast cancer cells to DOX 
and PTX (Bockhorn et al.  2013 ) 

 TWF1 

 miR-31  ↑  Sensitizes ovarian cancer cells to PTX 
(Mitamura et al.  2013 ) 

 MET 

 ↑↓  Modulates DTX resistance in prostate 
cancer cells and sensitizes prostate 
cancer cells to CDDP (Bhatnagar 
et al.  2010 ) 

 E2F6 

 ↑  Sensitizes breast cancer cells to DOX 
and STS (Korner et al.  2013 ) 

 PKCε 

Table 11.2 (continued)
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 MicroRNA 

 Manipulation 
of expression 
carried out a   Obtained result  Validated direct target 

 miR-34a  ↑↓  Modulates DTX resistance in breast 
cancer cells (Kastl et al.  2012 ) 

 BCL2 

 ↑  Sensitizes colon cancer cells to 5-FU 
(Akao et al.  2011 ) 

 SIRT1 

 ↑  Sensitizes prostate cancer cells to DNR, 
PTX and VP-16 (Kojima et al.  2010 ) 

 SIRT1 

 ↑↓  Modulates DOX resistance in breast 
cancer cells (Li et al.  2012b ) 

 NOTCH1 

 ↑  Sensitizes Ewing’s sarcoma 
cells to DOX and VCR 
(Nakatani et al.  2012 ) 

 Unknown 

 ↑↓  Modulates CDDP resistance in bladder 
cancer cells (Vinall et al.  2012 ) 

 CDK6,SIRT1 

 ↑  Sensitizes medulloblastoma 
cells to CDDP and MMC 
(Weeraratne et al.  2011 ) 

 MAGE-A 

 ↑  Sensitizes prostate cancer cells to CPT 
(Fujita et al.  2008 ) 

 SIRT1 

 ↑  Sensitizes gastric cancer cells 
to CDDP, DOX, DTX and 
gemcitabine (Ji et al.  2008 ) 

 BCL2 

 ↑  Sensitizes retinoblastoma cells to 
topotecan (Dalgard et al.  2009 ) 

 Unknown 

 ↑↓  Modulates DOX resistance in prostate 
cancer cells (Rokhlin et al.  2008 ) 

 Unknown 

 miR-34c  ↑↓  Modulates DOX resistance in prostate 
cancer cells (Rokhlin et al.  2008 ) 

 Unknown 

 miR-34c-5p  ↑↓  Modulates PTX resistance in lung cancer 
cells (Catuogno et al.  2013 ) 

 BMF 

 ↑  Sensitizes gastric cancer cells to PTX 
(Wu et al.  2013b ) 

 MAPT 

 miR-93  ↑↓  Modulates CDDP resistance in ovarian 
cancer cells (Fu et al.  2012 ) 

 PTEN 

 ↑↓  Modulates TGFβ resistance in gastric 
cancer cells (Petrocca et al.  2008 ) 

 E2F1 

 miR-96  ↑  Sensitizes osteosarcoma, cervical and 
ovarian cancer cells to CDDP 
(Wang et al.  2012b ) 

 RAD51, REV1 

 miR-98  ↑  Sensitizes lung cancer and cells to 
CDDP (Xiang et al.  2013a ) 

 HMGA2 

 ↑  Confers resistance to CDDP and DOX 
in HNSCC cells (Hebert et al.  2007 ) 

 HMGA2 

 miR-100  ↑  Sensitizes lung cancer cells to DTX 
(Feng et al.  2012a ) 

 PLK1 

 ↑  Sensitizes ovarian cancer cells to 
everolimus (Nagaraja et al.  2010 ) 

 mTOR 
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 MicroRNA 

 Manipulation 
of expression 
carried out a   Obtained result  Validated direct target 

 miR-101  ↑  Sensitizes breast cancer cells to TAM 
(Frankel et al.  2011 ) 

 ATG4D, RAB5A, 
STMN1 

 ↑  Sensitizes colon cancer cells 
to ABT-263 (Lam et al.  2010 ) 

 MCL1 

 ↑  Sensitizes HCC cells to curcumin, 
DOX and VP-16 (Su et al.  2009 ) 

 MCL1 

 miR-103  ↑  Sensitizes lung cancer cells to gefi tinib 
(Garofalo et al.  2012b ) 

 PKCε 

 miR-106a  ↓  Inhibition sensitizes ovarian cancer cells 
to PTX (Huh et al.  2013 ) 

 BCL10, CASP7 

 miR-106b  ↑↓  Modulates TGFβ resistance in gastric 
cancer cells (Petrocca et al.  2008 ) 

 E2F1 

 ↑  Sensitizes HMEC to DOX (Ivanovska 
et al.  2008 ) 

 CDKN1A 

 miR-122  ↑  Sensitizes HCC cells to DOX and VCR 
(Xu et al.  2011b ) 

 Unknown 

 ↑  Sensitizes HCC cells to DOX 
(Fornari et al.  2009 ) 

 CCNG1 

 miR-125a/b  ↑  Sensitizes colon cancer cells to PTX 
(Chen et al.  2013a ) 

 Unknown 

 miR-125b  ↑↓  Modulates PTX resistance in breast 
cancer cells (Zhou et al.  2010 ) 

 BAK1 

 ↑↓  Modulates CDDP resistance in ovarian 
cancer cells (Kong et al.  2011 ) 

 BAK1 

 ↑↓  Modulates gemcitabine and PTX 
resistance in breast cancer cells 
(Liu et al.  2013b ) 

 BAK1 

 ↑↓  Modulates 5-FU resistance in breast 
cancer cells (Wang et al.  2012a ) 

 E2F3 

 ↑  Confers resistance to DOX in leukemia 
cells (Zhang et al.  2011a ) 

 BAK1 

 miR-125b-2  ↓  Inhibition confers resistance to TMZ in 
glioblastoma cells (Shi et al.  2012a ) 

 Unknown 

 miR-126  ↑↓  Modulates DOX and VCR resistance in 
lung cancer cells (Zhu et al.  2012c ) 

 VEGFA 

 ↑  Sensitizes lung cancer cells to gefi tinib 
(Zhong et al.  2010 ) 

 Unknown 

 miR-128  ↑  Sensitizes breast cancer cells to DOX 
(Zhu et al.  2011 ) 

 BMI1, ABCC5 

 miR-128b  ↑  Sensitizes ALL cells to DEX 
(Kotani et al.  2009 ) 

 AF4, MLL 

 miR-128-2  ↑  Confers resistance to 5-FU, 
CDDP and DOX in lung cancer 
cells (Donzelli et al.  2012 ) 

 E2F5 

 miR-129  ↑  Sensitizes colon cancer cells to 5-FU 
(Karaayvaz et al.  2013 ) 

 BCL2 
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 MicroRNA 

 Manipulation 
of expression 
carried out a   Obtained result  Validated direct target 

 miR-130a  ↑  Sensitizes NSCLC cells to TRAIL 
(Acunzo et al.  2012 ) 

 MET 

 ↑↓  Modulates CDDP resistance in HCC 
cells (Xu et al.  2012c ) 

 RUNX3 

 ↑↓  Modulates CDDP resistance in ovarian 
cancer cells (Yang et al.  2012c ) 

 Unknown 

 miR-130b  ↑↓  Modulates CDDP and PTX resistance 
in ovarian cancer cells 
(Yang et al.  2012b ) 

 CSF1 

 miR-134  ↑↓  Modulates CDDP, DOX and VP-16 
resistance in SCLC cells 
(Guo et al.  2010 ) 

 ABCC1 

 miR-135  ↑↓  Modulates PTX resistance in lung cancer 
cells (Holleman et al.  2011 ) 

 APC 

 ↑↓  Modulates CDDP resistance in lung 
cancer cells (Zhou et al.  2013 ) 

 MCL1 

 miR-138  ↑  Sensitizes leukemia cells to 5-FU, 
CDDP, DOX and VCR 
(Zhao et al.  2010 ) 

 ABCB1 

 miR-140  ↑↓  Modulates 5-FU resistance and confers 
resistance to MTX in colon cancer 
cells (Song et al.  2009a ) 

 HDAC4 

 miR-141  ↑  Confers resistance to CDDP 
in esophageal cancer cells 
(Imanaka et al.  2011 ) 

 YAP1 

 ↑↓  Modulates CDDP resistance in ovarian 
cancer cells (van Jaarsveld et al. 
 2012 ) 

 KEAP1 

 miR-143  ↑  Sensitizes gastric cancer cells to 5-FU 
(Borralho et al.  2009 ) 

 ERK5 

 ↑  Sensitizes colon cancer cells to DTX 
(Xu et al.  2011a ) 

 KRAS 

 ↑  Sensitizes colon cancer cells to L-OHP 
(Qian et al.  2013 ) 

 IGF-IR 

 miR-144  ↑  Sensitizes CML cells to imatinib 
(Liu et al.  2012b ) 

 Unknown 

 miR-145  ↑  Sensitizes cervical cancer cells to MMC 
(Shi et al.  2012b ) 

 MUC1, MYC 

 ↑  Sensitizes glioblastoma cells to CDDP 
and TMZ (Yang et al.  2012f ) 

 OCT4, SOX2 

 ↑  Sensitizes lung cancer cells to gefi tinib 
(Zhong et al.  2010 ) 

 Unknown 

 miR148a  ↑  Sensitizes prostate cancer cells to PTX 
(Fujita et al.  2010 ) 

 MSK1 

 ↑  Sensitizes esophageal cancer 
cells to 5-FU and CDDP 
(Hummel et al.  2011 ) 

 Unknown 
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 MicroRNA 

 Manipulation 
of expression 
carried out a   Obtained result  Validated direct target 

 miR-148b  ↑  Sensitizes colon cancer cells to ABT-263 
(Lam et al.  2010 ) 

 MCL1 

 miR-152  ↑  Sensitizes ovarian cancer cells to CDDP 
(Xiang et al.  2013b ) 

 DNMT1 

 miR-153  ↑  Sensitizes CML cells to ATO 
(Liu et al.  2012a ) 

 Unknown 

 ↑  Sensitizes colon cancer cells to ABT-263 
(Lam et al.  2010 ) 

 MCL1 

 miR-155  ↓  Inhibition sensitizes B-cell lymphoma 
cells to rituximab (Kim et al.  2012 ) 

 Unknown 

 ↑↓  Modulates CDDP resistance in colon 
cancer cells (Pu et al.  2012 ) 

 Unknown 

 ↓  Inhibition sensitizes lung cancer cells to 
CDDP (Zang et al.  2012 ) 

 Unknown 

 ↑↓  Modulates DOX, PTX and VP-16 
resistance in breast cancer cells 
(Kong et al.  2010 ) 

 FOXO3A 

 miR-181a  ↑  Sensitizes AML cells to Ara-C (Bai 
et al.  2012 ) 

 BCL2 

 ↑↓  Modulates DNR resistance in CML cells 
(Li et al.  2012a ) 

 BCL2 

 ↓  Inhibition sensitizes B-cell lymphomas 
to MX and SAHA (Lwin et al.  2010 ) 

 BIM 

 ↑  Sensitizes lung cancer cells 
to CDDP, L-OHP and carboplatin 
(Galluzzi et al.  2010 ) 

 Unknown 

 miR-181b  ↑  Sensitizes gastric and lung cancer cells 
to 5-FU, CDDP, DOX, VCR and 
VP-16 (Zhu et al.  2010 ) 

 BCL2 

 miR-182  ↑↓  Modulates DEX resistance 
in acute T-cell leukemia cells 
(Yang et al.  2012a ) 

 Unknown 

 miR-185  ↑  Sensitizes ovarian cancer cells to CDDP 
(Xiang et al.  2013b ) 

 DNMT1 

 miR-186 *   ↑↓  Modulates curcumin resistance in lung 
cancer cells (Zhang et al.  2010b ) 

 Unknown 

 miR-192  ↑  Confers resistance to 5-FU in colon 
cancer cells (Boni et al.  2010 ) 

 TYMS 

 miR-193a  ↑  Sensitizes colon cancer cells to ABT-263 
(Lam et al.  2010 ) 

 MCL1 

 miR-193a-3p  ↑↓  Modulates 5-FU resistance in HCC cells 
(Ma et al.  2012 ) 

 E2F1, SRSF2 

 miR-193b *   ↑  Confers resistance to carboplatin
 in ovarian cancer cells 
(Ziliak et al.  2012 ) 

 Unknown 
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 miR-195  ↑↓  Modulates DOX resistance in colon 
cancer cells (Qu et al.  2013 ) 

 BCL-w 

 ↓  Inhibition sensitizes glioblastoma cells 
to TMZ (Ujifuku et al.  2010 ) 

 Unknown 

 ↑↓  Modulates 5-FU resistance in HCC cells 
(Yang et al.  2012e ) 

 BCL-w 

 miR-199a  ↑  Sensitizes ovarian cancer cells to CDDP, 
DOX and PTX (Cheng et al.  2012 ) 

 CD44 +  

 ↓  Inhibition sensitizes cervical cancer cells 
to CDDP (Lee et al.  2008 ) 

 Unknown 

 miR-199a-3p  ↑  Sensitizes HCC cells to DOX 
(Fornari et al.  2010 ) 

 mTOR 

 miR-199a-5p  ↑  Sensitizes HCC cells to CDDP 
(Xu et al.  2012d ) 

 ATG7 

 miR-200b  ↑  Sensitizes pancreatic cancer cells to 
gemcitabine (Li et al.  2009c ) 

 Unknown 

 ↑↓  Modulates CDDP resistance in tongue 
cancer cells (Sun et al.  2012 ) 

 BMI1 

 ↑  Sensitizes lung cancer cells to DTX 
(Feng et al.  2012b ) 

 E2F3 

 ↑↓  Modulates CDDP, DOX, VCR and 
VP-16 resistance in gastric and lung 
cancer cells (Zhu et al.  2012a ) 

 BCL2, XIAP 

 ↑↓  Modulates gemcitabine resistance 
in cholangiocarcinoma cells 
(Meng et al.  2006 ) 

 PTPN12 

 ↑  Sensitizes breast cancer cells DOX 
(Tryndyak et al.  2010 ) 

 Unknown 

 miR-200c  ↑  Sensitizes gastric cancer cells 
to 5-FU, CDDP, DOX and PTX 
(Chen et al.  2010b ) 

 Unknown 

 ↑  Sensitizes lung cancer cells to CDDP 
and cetuximab (Ceppi et al.  2010 ) 

 Unknown 

 ↑  Sensitizes breast cancer cells to 
epirubicin (Chen et al.  2012b ) 

 ABCB1 

 ↑  Sensitizes ovarian cancer cells to PTX 
(Cittelly et al.  2012 ) 

 Unknown 

 ↓  Inhibition sensitizes esophageal cancer 
cells to CDDP (Hamano et al.  2011 ) 

 Unknown 

 ↑↓  Modulates DOX resistance in breast 
cancer cells (Kopp et al.  2012 ) 

 Unknown 

 ↑  Sensitizes melanoma cells to CDDP, 
PLX4720 and U0126 (Liu et al. 
 2012d ) 

 Unknown 

 ↑↓  Modulates CDDP, DOX, VCR and 
VP-16 resistance in gastric and lung 
cancer cells (Zhu et al.  2012a ) 

 BCL2, XIAP 

 ↑  Sensitizes breast cancer cells to DOX 
(Tryndyak et al.  2010 ) 

 Unknown 

 ↑  Sensitizes bladder cancer cells to erlotinib 
and gefi tinib (Adam et al.  2009 ) 

 ERRFI-1 
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 miR-203  ↑  Sensitizes p53-mutated colon cancer 
cells to PTX (Li et al.  2011a ) 

 AKT2 

 ↓  Inhibition sensitizes breast cancer cells 
to CDDP (Ru et al.  2011 ) 

 SOCS3 

 ↑  Sensitizes lung cancer cells to gefi tinib 
(Garofalo et al.  2012b ) 

 SRC 

 miR-205  ↑↓  Modulates DTX resistance in prostate 
cancer cells and sensitizes prostate 
cancer cells to CDDP (Bhatnagar 
et al.  2010 ) 

 BCL-w 

 ↑  Sensitizes breast cancer cells to gefi tinib 
and lapatinib (Iorio et al.  2009 ) 

 HER3 

 miR-212  ↑↓  Modulates cetuximab resistance in 
HNSCC cells (Hatakeyama et al. 
 2010 ) 

 HB-EGF 

 ↑  Sensitizes lung cancer cells to TRAIL 
(Incoronato et al.  2010 ) 

 PED/PEA-15 

 miR-214  ↓  Inhibition sensitizes tongue cancer cells 
to CDDP (Yu et al.  2010 ) 

 Unknown 

 ↑↓  Modulates CDDP resistance in ovarian 
cancer cells (Yang et al.  2008a ) 

 PTEN 

 ↓  Inhibition confers resistance to gefi tinib 
(Wang et al.  2012c ) 

 PTEN 

 ↑  Sensitizes cervical cancer cells to CDDP 
(Wang et al.  2013b ) 

 BCL-w 

 miR-215  ↑↓  Modulates MTX resistance in colon 
cancer cells and confers resistance to 
TDX in osteosarcoma and colon 
cancer cells (Song et al.  2010 ) 

 DHFR, TYMS 

 miR-216a  ↑  Confers resistance to sorafenib in HCC 
cells (Xia et al.  2013 ) 

 PTEN, SMAD7 

 miR-217  ↑  Confers resistance to sorafenib in HCC 
cells (Xia et al.  2013 ) 

 PTEN, SMAD7 

 miR-221  ↑↓  Modulates TRAIL resistance in NSCLC 
cells (Garofalo et al.  2008 ; 
Garofalo et al.  2009 ) 

 CDKN1B/p27 Kip1 , 
PTEN, TIMP3 

 ↑  Confers resistance to TAM in breast 
cancer cells (Miller et al.  2008 ) 

 CDKN1B/p27 Kip1  

 ↑  Confers resistance to fulvestrant in 
breast cancer cells (Rao et al.  2011 ) 

 CDKN1B/p27 Kip1 , 
ERα 

 ↑↓  Modulates gefi tinib resistance in lung 
cancer cells (Garofalo et al.  2012b ) 

 APAF1 

 ↑↓  Modulates TAM resistance in breast 
cancer cells (Zhao et al.  2008 ) 

 ERα 

 miR-222  ↑↓  Modulates TRAIL resistance in NSCLC 
cells (Garofalo et al.  2008 ,  2009 ) 

 CDKN1B/p27 Kip1 , 
PTEN, TIMP3 

 ↑  Confers resistance to TAM in breast 
cancer cells (Miller et al.  2008 ) 

 CDKN1B/p27 Kip1  

 ↑  Sensitizes colon cancer cells to L-OHP 
and VCR (Xu et al.  2012b ) 

 ADAM17 
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 ↑  Confers resistance to fulvestrant in 
breast cancer cells (Rao et al.  2011 ) 

 CDKN1B/p27 Kip1 , 
ERα 

 ↑↓  Modulates TAM resistance in breast 
cancer cells (Zhao et al.  2008 ) 

 ERα 

 ↑↓  Modulates gefi tinib resistance in lung 
cancer cells (Garofalo et al.  2012b ) 

 APAF1 

 ↓  Inhibition sensitizes CLL cells to 
fl udarabine (Ferracin et al.  2010 ) 

 Unknown 

 miR-224  ↓  Inhibition confers resistance to MTX 
in colon cancer cells (Mencia et al. 
 2011 ) 

 CDS2, SLC4A4, 
HSPC159 

 miR-296  ↓  Inhibition sensitizes esophageal cancer 
cells to 5-FU, CDDP, DOX and VCR 
(Hong et al.  2010 ) 

 ABCB1 

 miR-296-3p  ↑↓  Modulates imatinib, TMZ and VP-16 
resistance in glioblastoma cells 
(Bai et al.  2013 ) 

 EAG1 

 miR-297  ↑↓  Modulates DOX, L-OHP and VCR 
resistance in colon cancer cells 
(Xu et al.  2012a ) 

 ABCC2 

 miR-298  ↑↓  Modulates DOX resistance in breast 
cancer cells (Bao et al.  2012 ) 

 ABCB1 

 miR-301  ↓  Inhibition sensitizes breast cancer cells 
to TAM (Shi et al.  2011 ) 

 BBC3, COL2A1, 
FOXF2, PTEN 

 miR-302  ↓  Inhibition sensitizes HNSCC cells to 
CDDP (Bourguignon et al.  2012 ) 

 Unknown 

 miR-320c  ↑↓  Modulates gemcitabine resistance in 
pancreatic cancer cells (Iwagami 
et al.  2013 ) 

 SMARCC1 

 miR-326  ↑  Sensitizes breast cancer cells to DOX 
and VP-16 (Liang et al.  2010 ) 

 ABCC1 

 miR-328  ↑↓  Modulates 5-FU and HCPT resistance in 
colon cancer cells (Xu et al.  2012e ) 

 ABCG2, MMP16 

 ↑  Sensitizes breast cancer cells to MX 
(Pan et al.  2009b ) 

 ABCG2 

 miR-331-5p  ↑  Sensitizes leukemia cells to DOX 
(Feng et al.  2011 ) 

 ABCB1 

 miR-337-3p  ↑↓  Modulates PTX resistance and sensitizes 
NSCLC cells to DTX (Du et al.  2012 ) 

 RAP1A, STAT3 

 miR-342  ↑↓  Modulates TAM resistance in breast 
cancer cells (Cittelly et al.  2010b ) 

 BMP7, GEMIN4 

 miR-345  ↑  Sensitizes breast cancer cells to CDDP 
(Pogribny et al.  2010 ) 

 ABCC1 

 miR-375  ↑↓  Modulates TAM resistance in breast 
cancer cells (Ward et al.  2013 ) 

 MTDH 

 ↑  Confers resistance to PTX in cervical 
cancer cells (Shen et al.  2013 ) 

 Unknown 

 miR-376  ↑↓  Modulates CDDP resistance in ovarian 
cancer cells (Ye et al.  2011 ) 

 ALK7 
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 miR-379  ↑↓  Modulates CDDP, DOX and VP-16 
resistance in SCLC cells 
(Guo et al.  2010 ) 

 Unknown 

 miR-421  ↑↓  Modulates CDDP resistance in 
nasopharyngeal carcinoma cells 
(Chen et al.  2013b ) 

 FOXO4 

 miR-429  ↑↓  Modulates CDDP, DOX, VCR and 
VP-16 resistance in gastric and lung 
cancer cells (Zhu et al.  2012a ) 

 BCL2, XIAP 

 miR-451  ↑↓  Modulates DOX resistance in breast 
cancer (Kovalchuk et al.  2008 ) 

 ABCB1 

 ↑  Sensitizes CML cells to imatinib 
(Liu et al.  2012b ) 

 Unknown 

 ↑↓  Modulates TAM resistance and sensitizes 
breast cancer cells to raloxifene and 
fulvestrant (Bergamaschi and 
Katzenellenbogen  2012 ) 

 14-3-3ζ 

 ↓  Inhibition sensitizes ovarian cancer cells 
to vinblastine (Zhu et al.  2008 ) 

 Unknown 

 ↑  Sensitizes lung cancer cells to CDDP 
(Bian et al.  2011 ) 

 Unknown 

 ↑  Sensitizes colon cancer stem cells to 
irinotecan (Bitarte et al.  2011 ) 

 MIF 

 ↑  Sensitizes glioblastoma cells to imatinib 
(Gal et al.  2008 ) 

 Unknown 

 miR-455-3p  ↓  Inhibition sensitizes glioblastoma cells 
to TMZ (Ujifuku et al.  2010 ) 

 Unknown 

 miR-494  ↑↓  Modulates TRAIL resistance in lung 
cancer cells (Romano et al.  2012 ) 

 BIM 

 miR-495  ↑↓  Modulates CDDP, DOX and VP-16 
resistance in SCLC cells 
(Guo et al.  2010 ) 

 Unknown 

 miR-497  ↑↓  Modulates CDDP, DOX, VCR and 
VP-16 resistance in gastric and lung 
cancer cells (Zhu et al.  2012b ) 

 BCL2 

 miR-504  ↑  Confers resistance to VP-16 in 
osteosarcoma and lung cancer cells 
(Hu et al.  2010b ) 

 P53 

 miR-505  ↑  Sensitizes breast cancer cells to DOX 
(Yamamoto et al.  2011 ) 

 Unknown 

 miR-512-3p  ↑  Sensitizes HCC cells to PTX 
(Chen et al.  2010a ) 

 c-FLIP 

 miR-513a-3p  ↑  Sensitizes lung cancer cells to CDDP 
(Zhang et al.  2012 ) 

 GSTP1 

 miR-519c  ↓  Inhibition confers resistance to MX 
in breast and colon cancer cells 
(To et al.  2009 ) 

 ABCG2 

 miR-520h  ↓  Inhibition confers resistance to MX in 
breast and colon cancer cells (To 
et al.  2009 ) 

 ABCG2 
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 miR-558a-5p  ↑  Sensitizes colon cancer cells to ABT-263 
(Lam et al.  2010 ) 

 MCL1 

 miR-582-5p  ↑  Sensitizes colon cancer cells to ABT-263 
(Lam et al.  2010 ) 

 MCL1 

 miR-591  ↑  Sensitizes ovarian cancer cells to PTX 
(Huh et al.  2013 ) 

 ZEB1 

 miR-605  ↑  Sensitizes colon cancer cells to ABT-263 
(Lam et al.  2010 ) 

 Unknown 

 miR-630  ↑  Confers resistance to CDDP and 
carboplatin in lung cancer cells 
(Galluzzi et al.  2010 ) 

 Unknown 

 miR-661  ↑  Sensitizes colon cancer cells to ABT-263 
(Lam et al.  2010 ) 

 MCL1 

 miR-663  ↑↓  Modulates CTX, DTX and DOX 
resistance in breast cancer cells 
(Hu et al.  2013 ) 

 HSPG2 

 miR-744 *   ↑  Sensitizes colon cancer cells to ABT-263 
(Lam et al.  2010 ) 

 Unknown 

 miR-876-3p  ↑  Sensitizes colon cancer cells to ABT-263 
(Lam et al.  2010 ) 

 MCL1 

 miR-886-3p  ↑  Sensitizes colon cancer cells to ABT-263 
(Lam et al.  2010 ) 

 MCL1 

 miR-892b  ↑  Sensitizes colon cancer cells to ABT-263 
(Lam et al.  2010 ) 

 MCL1 

 miR-1915  ↑↓  Modulates DOX, L-OHP, MMC and 
VCR resistance in colon cancer cells 
(Xu et al.  2013 ) 

 BCL2 

 let-7  ↑  Sensitizes pancreatic cancer cells to 
gemcitabine (Bhutia et al.  2013 ) 

 RRM2 

 let-7a  ↑  Sensitizes NSCLC cells to gefi tinib 
(Zhong et al.  2010 ) 

 Unknown 

 ↑  Sensitizes breast cancer cells to PTX 
(Lv et al.  2012 ) 

 Unknown 

 ↑↓  Modulates DOX, interferon-γ and PTX 
resistance in HCC cells (Tsang and 
Kwok  2008 ) 

 CASP3 

 let-7b  ↑  Sensitizes breast cancer cells to TAM 
(Zhao et al.  2011b ) 

 ER-α36 

 let-7c  ↑  Sensitizes HCC cells to sorafenib 
(Shimizu et al.  2010 ) 

 BCL-xL 

 let-7d  ↑↓  Modulates 5-FU, CDDP and PTX 
resistance in OSCC cells (Chang 
et al.  2011 ) 

 Unknown 

 let-7g  ↑  Sensitizes ovarian cancer cells to PTX 
and vinblastine (Boyerinas et al. 
 2012 ) 

 IMP-1 
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 let-7i  ↑↓  Modulates CDDP resistance in ovarian 
cancer cells (Yang et al.  2008b ) 

 Unknown 

 ↑  Sensitizes ovarian cancer cells to PTX 
(Liu et al.  2012c ) 

 Unknown 

 ↑  Sensitizes breast cancer cells to TAM 
(Zhao et al.  2011b ) 

 ER-α36 

   a Up- (↑) or down-regulation (↓)
miR-10a*, miR-30a*, miR-186*, miR-193b*, miR-744* are the names of a certain microRNA 
 Abbreviations:  5-FU  5-fl uorouracil,  ABCB1  ATP-binding cassette, sub-family B (MDR/TAP), 
member 1,  ABCC1  multidrug resistance-associated protein 1,  ABCC2  multidrug resistance-associ-
ated protein 2,  ABCC5  multidrug resistance-associated protein 5,  ABCG2  ATP-binding cassette 
sub-family G member 2,  ABT-263  navitoclax (fi rst-in-class BCL2 family inhibitor),  ADAM17  A 
disintegrin and metalloprotease-17,  AG1478  EGFR inhibitor,  ALDH1A3  aldehyde dehydrogenase 1 
family, member A3,  ALK7  activin receptor-like kinase 7,  AML  acute myeloid leukemia,  APAF1  
apoptotic peptidase activating factor 1,  Ara-C  cytarabine,  ASO  antisense oligonucleotides,  ATO  
arsenic trioxide,  AZD6244  small molecule inhibitor of the MEK (MAP/ERK kinase),  BAK1  Bcl-2 
homologous antagonist/killer,  BBC3  BCL2 binding component 3,  BIM  BCL2-like 11,  BMF  Bcl-2-
modifying factor,  BMP7  bone morphogenetic protein 7,  BNIP2  BCL2/adenovirus E1B 19 kDa 
protein-interacting protein 2,  CCND1  cyclin D1,  CCNG1  cyclin G1,  CDDP  cisplatin,  CDK6  cyclin-
dependent kinase 6,  CDKN1A  cyclin-dependent kinase inhibitor 1A,  CDKN1B  cyclin-dependent 
kinase inhibitor 1B (p27 Kip1 ),  CDS2  CDP-diacylglycerol synthase (phosphatidate cytidylyltransfer-
ase) 2,  CLL  chronic lymphocytic leukemia,  CML  chronic myeloid leukemia,  COL2A1  collagen, 
type II, alpha 1,  COX-2  cyclooxygenase-2,  CPT  camptothecin,  CTNNB1  β-catenin,  CTX  cyclophos-
phamide,  DHFR  dihydrofolate reductase,  DNMT1  DNA methyltransferase 1,  DNR  daunorubicin, 
 DEX  dexamethasone,  DHFR  dihydrofolate reductase,  DOX  doxorubicin,  DR4  death receptor-4, 
 DTX  docetaxel,  EAG1  ether-à-go-go 1,  EGFR  epidermal growth factor receptor,  ER  estrogen recep-
tor,  ERRFI-1  ErbB receptor inhibitor-1,  FOXF2  forkhead box F2,  FOXO3A  forkhead box O3, 
 FOXO4  forkhead box O4,  GEMIN4  component of gems 4,  GSTP1  glutathione S-transferase P1, 
 HB-EGF  heparin-binding EGF-like growth factor,  HCC  hepatocellular carcinoma,  HCPT  hydroxy-
camptothecin,  HDAC4  histone deacetylase 4,  HIPK2  homeodomain-interacting protein kinase-2, 
 HMEC  human mammary epithelial cells,  HMGA2  high-mobility group AT-hook 2,  HNSCC  head 
and neck squamous cell carcinoma,  HSPC159  galectin-related protein,  HSPG2  heparin sulfate pro-
teoglycan 2,  IGF-IR  insulin-like growth factor-I receptor,  IMP-1  insulin-like growth factor 2 mRNA 
binding protein 1,  KEAP1  kelch-like ECH-associated protein 1,  LRRFIP1  leucine rich repeat (in 
FLII) interacting protein 1,  L-OHP  oxaliplatin,  MAGE-A  melanoma antigen family A,  MAPT  
microtubule-associated protein tau,  MARCKS  myristoylated alanine-rich protein kinase c substrate, 
 MIF  macrophage inhibitory factor,  MMC  mitomycin C,  MMP16  matrix metalloproteinase-16, 
 MSK1  mitogen and stress-activated protein kinase,  MTDH  metadherin,  MTX  methotrexate,  MX  
mitoxantrone,  MYBL2  v-Myb myeloblastosis viral oncogene homolog-like2,  NSCLC  non-small cell 
lung cancer,  OSCC  oral squamous cell carcinoma,  PDCD4  programmed cell death protein 4, 
 PHLPP2  PH domain and leucine rich repeat protein phosphatase 2,  PKCε  protein kinase C epsilon, 
 PLK1  serine/threonine-protein kinase,  PLX4720  specifi c inhibitor of B-RAF V600E ,  PPP2R1B  protein 
phosphatase 2, regulatory subunit A, beta,  PTEN  phosphatase and tensin homolog,  PTPN12  protein 
tyrosine phosphatase, nonreceptor type 12,  PTX  paclitaxel,  RAB5A  Ras-related protein Rab-5A, 
 RAP1A  Ras-related protein Rap-1A,  RRM2  ribonucleotide reductase M2,  SAHA  suberoylanilide 
hydroxamic acid,  SCLC  small cell lung cancer,  SRC  sarcoma viral oncogene homolog,  SFPQ  splic-
ing factor proline and glutamate-rich,  SIRT1  silent mating type information regulation 2 homolog 1, 
 SLC4A4  Na/bicarbonate cotransporter 1,  SMARCC1  SWI/SNF related matrix associated actin 
dependent regulator of chromatin subfamily C member 1,  SOCS3  suppressor of cytokine signaling 
3;  STAT3  signal transducer and activator of transcription 3,  STMN1  stathmin 1/oncoprotein 18,  STS  
staurosporine,  TAM  tamoxifen,  TDX  Tomudex,  TMZ  temozolomide,  TOP2B  DNA topoisomerase 
2-beta,  TRAIL  TNF-related apoptosis-inducing ligand,  TWF1  actin-binding protein twinfi lin 1, 
 TYMS  thymidylate synthetase,  U0126  selective inhibitor of MEK1/2 kinase,  VCR  vincristine,  VM-
26  teniposide,  VP-16  etoposide,  YAP1  Yes-associated protein 1  
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cholangiocarcinoma cell lines to gemcitabine (Meng et al.  2006 ). MiR-21 has been 
shown to regulate the translation of several mRNAs such as PTEN, Bcl-2 or PDCD4 
(programmed cell death 4), all of which play important roles in cellular mechanisms 
such as cellular growth, apoptosis, invasion and cell cycle. The miR-21 involvement 
in drug resistance has been demonstrated in several cancer cell types such as breast 
(Wang et al.  2011d ), colon (Valeri et al.  2010 ), gastric (Xiang et al.  2013a ), prostate 
(Li et al.  2009a ), among others, and it has also been shown to modulate resistance to 
several drugs, from the conventional chemotherapies such as 5-fl uorouracil (Tomimaru 
et al.  2010 ), cisplatin (Chen et al.  2012d ) or doxorubicin (Tao et al.  2011 ), to targeted 
compounds/drugs such as AG1478 (Seike et al.  2009 ), gefi tinib (Garofalo et al. 
 2012b ) or trastuzumab (Gong et al.  2011 ). Although miR-21 expression is most often 
associated with cancer drug resistance, its expression can modulate the sensitivity of 
cytotoxic drugs in opposite directions depending on the compound class, indicating 
that different mechanisms determine toxic and protective effects (Blower et al.  2008 ). 
In fact, miR-21 ectopic expression has been associated with chemosensitivity to cis-
platin in tongue squamous cell carcinoma cell lines (Yu et al.  2010 ). 

 Another study has shown a non-canonical mechanism of mRNA regulation by 
miR-21. Indeed, it has been demonstrated that miR-21 binds the 3′-UTR region of 
Bcl-2 mRNA causing an increase in the expression of Bcl-2 protein and consequent 
gemcitabine resistance in pancreatic cancer cells (Dong et al.  2011 ). MiR-21 has 
also been shown to be involved in resistance to doxorubicin and etoposide by modu-
lation of autophagy and inhibition of miR-21 expression increased the sensitivity of 
leukemia cells to the above mentioned drugs (Seca et al.  2013 ).  

3.2     MiR-34a 

 The family of miR-34, which includes miR-34a, miR-34b and miR-34c, is 
 transcriptionally activated by p53 (He et al.  2007 ). This discovery prompted the 
evaluation of miR- 34 expression in cancer cells since p53 is a pivotal tumor sup-
pressor protein often deregulated in cancer. In fact, miR-34a has been shown to 
be  down-regulated in many p53 defi cient cell lines and this down-regulation was 
associated with drug resistance (Fujita et al.  2008 ; Kojima et al.  2010 ; Ji et al. 
 2008 ). Furthermore, ectopic expression of miR-34a was shown to sensitize pros-
tate cancer cells to camptothecin (Fujita et al.  2008 ), bladder cancer cells to 
 cisplatin (Vinall et al.  2012 ) or breast cancer cells to doxorubicin (Li et al. 
 2012b ). MiR-34a has been shown to target several proteins known to be regu-
lated by p53 (Wong et al.  2011 ).  

 SIRT1 (a protein deacetylase which is involved in apoptosis), Bcl-2 (an anti-
apoptotic protein), cyclin D1 and Cdk6 (involved in cell cycle control) have all 
been shown to be direct or indirect targets of miR-34a (Vinall et al.  2012 ; Fujita 
et al.  2008 ; Ji et al.  2008 ). The fact that miR-34a  inhibits the expression of these 
proteins underlies its effect in sensitizing  different cancer cell types to various 
cancer drugs. However, a different study has shown that miR-34a targeted Bcl-2 
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mRNA, thus decreasing its expression, but that its ectopic expression was associ-
ated with increased resistance to docetaxel in breast cancer cells through an uniden-
tifi ed mechanism (Kastl et al.  2012 ). Two recent papers have described two other 
targets for miR-34a. Notch1  signaling may contribute to cancer chemoresistance (Gu 
et al.  2010 ) and miR-34a over- expression sensitized breast cancer cells to doxorubicin 
by targeting Notch1 (Li et al.  2012b ). MAGE-A, which is aberrantly expressed in 
many cancers (Kasuga et al.  2008 ), was also shown to be a target of miR-34a. In addi-
tion, miR-34a over- expression sensitized medulloblastoma cells to both cisplatin and 
mitomycin C through modulation of MAGE-A (Weeraratne et al.  2011 ).  

3.3     MiR-221/222 

 MiR-221/222 are encoded in the X chromosome and share the same seed sequence 
between them (Garofalo et al.  2012a ). They are commonly regarded as “oncomiRs” 
as they target several tumor suppressor proteins such as Apaf-1, p27 Kip1 , PTEN or 
TIMP3 (Garofalo et al.  2012a ). In fact, it has been shown that by targeting these 
mRNAs, miR-221/222 could increase resistance to TRAIL and gefi tinib in  non- small 
cell lung cancer (NSCLC) cells (Garofalo et al.  2008 ,  2009 ,  2012b ). MiR- 221/222 
has also been shown to target and down-regulate ERα expression, thus being par-
tially responsible for resistance to tamoxifen (Zhao et al.  2008 ). Therefore, down-
regulation of miR-221/222 sensitized breast cancer cells to tamoxifen- induced cell 
growth arrest and apoptosis (Zhao et al.  2008 ). Another study has shown that p27 Kip1  
is also decreased by miR-221/222 in tamoxifen resistant cells (Miller et al.  2008 ). 
Other studies showed that ectopic expression of miR-221/222 conferred resistance 
to fulvestrant in breast cancer cells through the deregulation of multiple oncogenic 
signaling pathways that involved β-catenin activation and repression of TGF-β (Rao 
et al.  2011 ). Interestingly, miR-222 ectopic expression has been also shown to 
 sensitize HCT-8 and HCT116 resistant gastric cancer cells to oxaliplatin. MiR-222 
over-expression decreased ADAM-17 expression, thus decreasing EGFR activation 
and TGF-α shedding, which in turn reduces P-gp and MRP1 effl ux pump expres-
sion (Xu et al.  2012b ).  

3.4     MiR-451 

 MiR-451 is involved in erythropoiesis, being essential for maintenance and/or 
 late- stage maturation of committed erythroid precursors (Dore et al.  2008 ). Its 
 association with cancer drug resistance was fi rst described in breast cancer cells 
resistant to doxorubicin which presented a clear up-regulation of P-gp protein, a 
known drug effl ux transporter. Ectopic expression of miR-451 targeted MDR1 
mRNA and thus sensitized these cells to doxorubicin (Kovalchuk et al.  2008 ). 
 MiR-451 has been also shown to sensitize both chronic myeloid leukemia (CML) 
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and glioblastoma cells to imatinib, although without an identifi ed target (Liu et al. 
 2012b ; Gal et al.  2008 ). Moreover, miR-451 has been shown to be involved in the 
inhibition of colon cancer stem cells (CSCs) (Bitarte et al.  2011 ). By binding the 
migration inhibitory factor (MIF) mRNA and hampering its translation, as well as 
indirectly controlling COX-2 expression, miR-451 regulates the Wnt signaling 
activity [which defi nes colon CSCs (Vermeulen et al.  2010 )] sensitizing colon CSCs 
to irinotecan (Bitarte et al.  2011 ). Another study described 14-3-3ζ [factor that 
binds and stabilizes key proteins involved in signal transduction and cell cycle 
regulation (Zannis- Hadjopoulos et al.  2008 )] as a direct target of miR-451 that 
is involved in tamoxifen resistance in breast cancer cells (Bergamaschi and 
Katzenellenbogen  2012 ). Additionally, it has been shown that miR-451 was 
down-regulated in NSCLC tissue, compared to non-cancerous adjacent tissue, 
and that ectopic expression of miR- 451 sensitized lung cancer cells to cisplatin 
(Bian et al.  2011 ).   

4     Regulation of Drug Response Pathways by MicroRNAs 

4.1     Regulation of Apoptosis 

 MiRNAs have been shown to target one or simultaneously various mRNAs involved 
in the core apoptotic signaling, acting both as anti-apoptotic and pro-apoptotic 
 molecules [reviewed in Lima et al. ( 2011 )]. Moreover, various miRNAs which 
 target apoptosis related proteins, particularly of the intrinsic apoptotic pathway, 
have already been described to be associated with drug response. The anti-apoptotic 
Bcl-2 is targeted by several miRNAs and this has been shown to modulate the 
response of different cancer cellular models to various drugs. For example,  miR- 15a, 
-15b, -16, -34a, -129, -181b, -200bc/429cluster, -497 and -1915, all of which down-
regulate Bcl-2 expression, have been related to the decrease of resistance to tamoxi-
fen in breast cancer cells (Cittelly et al.  2010a ) or to other drugs such as cisplatin, 
doxorubicin, etoposide, docetaxel, vincristine, gemcitabine and 5- fl uorouracil in 
colon, gastric, breast or lung cancer cells (Xia et al.  2008 ; Ji et al.  2008 ; Kastl et al. 
 2012 ; Karaayvaz et al.  2013 ; Zhu et al.  2010 ,  2012a ,  b ; Xu et al.  2013 ). In addition, 
miR-181a down-regulation and consequent up-regulation of Bcl-2 was shown to 
confer resistance to cytarabine in acute myeloid leukemia cells (Bai et al.  2012 ) 
while its over-expression sensitized CML cells to daunorubicin by targeting Bcl-2 
(Li et al.  2012a ). Moreover, miR-21 which has been shown to directly bind to the 
3′-UTR of Bcl-2 mRNA, increasing its expression, caused gemcitabine resistance 
in pancreatic cancer cells (Dong et al.  2011 ). 

 Another anti-apoptotic Bcl-2 family member is Mcl-1, which has been found 
to be directly targeted by miR-101, -148b, -153, -193a, -558a-5p, -582-5p, -661, 
-876- 3p, -886-3p and -892b in a study aiming at identifying miRNAs which are 
 modulators of colon cancer cells sensitivity to ABT-263 (Lam et al.  2010 ). Another 
study has also shown the ability of miR-101, found down-regulated in hepatocellular 
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 carcinoma (HCC), to sensitize these tumor cells to drug-induced apoptosis (Su et al. 
 2009 ). Moreover, and at least in part through the modulation of apoptosis via 
 targeting Mcl-1, miR-135a/b have been suggested to play a role in the development 
of cisplatin resistance in lung cancer cells (Zhou et al.  2013 ). 

 In addition, the down-regulation of Bcl-w (anti-apoptotic Bcl-2 family protein) by 
miR-195, -205 and -214 has been described to modulate resistance to cisplatin, doxo-
rubicin, docetaxel or 5-fl uorouracil in cervical, colon, hepatocellular or  prostate cancer 
cells (Qu et al.  2013 ; Yang et al.  2012e ; Bhatnagar et al.  2010 ; Wang et al.  2013b ). 
Moreover, inhibition of Bcl-xL (anti-apoptotic Bcl-2 family member) by let-7c has been 
found to sensitize HCC cells to apoptosis induced by sorafenib (Shimizu et al.  2010 ). 

 On the other hand, the pro-apoptotic Bcl-2 antagonist killer 1 (Bak1) is targeted by 
miR-125b. This has been shown to increase resistance of breast cancer cells to pacli-
taxel and gemcitabine (Zhou et al.  2010 ; Liu et al.  2013b ), of ovarian cancer cells to 
cisplatin (Kong et al.  2011 ) and of leukemia cells to doxorubicin (Zhang et al.  2011a ). 

 Likewise, the regulation of the BH3-only protein, Bim, by miRNAs also plays a 
role in drug response. Indeed, the blockage of Bim expression by miR-17 in lung 
cancer cells caused resistance to AZD6244 (a small molecule inhibitor of the MEK 
pathway) (Dai et al.  2011 ). Moreover, miR-17-92 cluster, which targets Bim and 
PTEN, has been shown to confer resistance to doxorubicin and to etoposide in  mantle 
cell lymphoma (Rao et al.  2012 ). In addition, miR-30b and -30c were shown to 
modulate the resistance of lung cancer cells to gefi tinib (Garofalo et al.  2012b ) while 
miR-494 induced TRAIL resistance in NSCLC, all through a down- regulation of Bim 
(Romano et al.  2012 ). Moreover, miR-10b expression (which also down- regulates 
Bim) was described as a potential indicator of  chemosensitivity to 5- fl uorouracil-based 
chemotherapy regimens in colorectal cancer (Nishida et al.  2012 ). 

 Other apoptotic proteins are known to be regulated by miRNAs, altering drug 
response of cancer cells. For example, by targeting caspase-3, let-7a suppressed 
HCC death induced by doxorubicin, IFN-γ and paclitaxel (Tsang and Kwok  2008 ). 
Also, the expression of miR-106a, which targets caspase-7 (and also BCL10) has 
been shown to be associated with paclitaxel resistance in ovarian cancer cells (Huh 
et al.  2013 ). Furthermore, by down-regulating the apoptotic peptidase activating 
factor-1 (Apaf-1), miR-221 and -222 increased lung cancer cells resistance to 
 gefi tinib (Garofalo et al.  2012b ). 

 Finally, the most potent member of the inhibitor of apoptosis family, XIAP, is 
targeted by miR-200bc/429 cluster (all of which, interestingly, also target Bcl-2) 
and this seems to be associated with increased sensitivity of gastric and lung cancer 
cells to cisplatin, doxorubicin, vincristine and etoposide (Zhu et al.  2012a ).  

4.2     Regulation of p53 Levels 

 The p53 pathway is one of the major players in the regulation of cellular response 
to drugs. The p53, considered the guardian of the genome, may initiate DNA repair, 
cell-cycle arrest, senescence and, importantly, apoptosis [reviewed in Vazquez et al. 
( 2008 )]. Several miRNAs have been described to alter p53 expression levels. 
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 In particular, miR-25, -30d and -504 have been shown to directly target p53. 
Their over-expression reduces p53 protein levels impairing p53 functions, such as 
p53-mediated transcriptional activation, apoptosis and cell-cycle arrest as well as 
conferring resistance to etoposide induced cell death (Hu et al.  2010b ; Kumar et al. 
 2011 ). In addition, miR-375 has also been shown to target and down-regulate p53 
expression, affecting the response to ionizing radiation and etoposide treatment. 
In fact, the expression of miR-375 desensitized AGS cells to ionizing radiation 
and etoposide, abrogating the cell cycle arrest and apoptosis after DNA damage 
(Liu et al.  2013a ). 

 There are other miRNAs, such as miR-122 and miR-630, that have been shown 
to affect p53 stability and activity, leading to alterations in drug sensitivity (Fornari 
et al.  2009 ; Galluzzi et al.  2010 ). Besides the miRNAs that directly or indirectly 
regulate p53 expression, there are also miRNAs that are regulated by p53 and are 
involved in drug response, such as miR-34 (Bommer et al.  2007 ) and miR-519 
(Fornari et al.  2012 ).  

4.3     Regulation of Autophagy 

 The role of autophagy in drug response is complex and not fully understood but 
several studies have shown that autophagy is involved in chemoresistance. 

 MiR-30a is one of the miRNAs which is frequently found associated with 
 autophagy. It targets Beclin-1, resulting in decreased autophagic activity. Through 
the inhibition of Beclin-1 expression, miR-30a regulated autophagy induced by 
rapamycin in breast and lung cancer cells (Zhu et al.  2009 ). In addition, in a CML 
cell line and in CML stem/progenitor cells, over-expression of miR-30a decreased 
Beclin-1 and ATG5 expression (and subsequently autophagy), enhancing imatinib-
induced apoptosis (Yu et al.  2012a ,  b ). Moreover, in a study using cell lines and 
animal models, cisplatin or taxol treatment were found to increase autophagy but to 
decrease the levels of miR-30a. Importantly, the inhibition of Beclin-1-mediated 
tumor cell autophagy which was possible following the increase in miR-30a levels, 
signifi cantly promoted cisplatin-induced tumor cell apoptosis (Zou et al.  2012 ). 

 MiR-101 was identifi ed as potent inhibitor of autophagic fl ux in MCF-7 breast 
cancer cells. This miRNA is described to directly target STMN1, RAB5A and 
ATG4D, blocking autophagy, and to increase the cytotoxicity of 4-hydroxytamoxi-
fen in breast cancer cells (Frankel et al.  2011 ). 

 MiR-199a-5p was found to be signifi cantly reduced in HCC patients treated with 
cisplatin-based chemotherapy and in human HCC cell lines following cisplatin 
treatment. This cisplatin-induced down-regulation of miR-199a-5p resulted in drug 
resistance. In addition, the decrease in miR-199a-5p has resulted in enhanced 
autophagy activation by targeting ATG7 (Xu et al.  2012d ). 

 Finally, through miRNA profi ling, miR-375 was found to be up-regulated in 
DOX-induced senescent K562 (CML) cells. This up-regulated expression was 
found to be associated with decreased expression of 14-3-3ζ and SP1 genes and 
with initiation of autophagy (Yang et al.  2012d ).  
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4.4     Regulation of DNA Damage Response 

 The mechanisms involved in DNA damage response (DDR) are mediated through 
several proteins including those acting as DNA damage sensors (such as H2AX, 
BRCA1), as signal transducers [such as ATM (ataxia telangiectasia mutated) 
and ATR (ATM-Rad3-related)] and as effectors [including DNA repair, cell-cycle 
checkpoint (G1/S, intra-S and G2/M) and apoptosis mechanisms] [reviewed in 
Green and Lin ( 2012 )]. Several reports have already described miRNAs which 
 regulate DDR and DNA repair (Hu et al.  2010a ; Lal et al.  2009 ; Pothof et al.  2009 ; 
Bhatnagar et al.  2010 ). 

 MiR-24 was found to down-regulate H2AX, suppressing DNA repair in 
 terminally differentiated blood cells. MiR-24 up-regulation, in post-replicative 
cells, reduced H2AX and rendered cells vulnerable to DNA damage (Lal et al.  2009 ). 
Another study has shown that miR-24 over-expression was associated with 
decreased expression of H2AX and decreased DDR upon etoposide treatment in 
highly differentiated CD8 +  T cells (Brunner et al.  2012 ). Over-expressing miR-24 in 
breast cancer cells increased sensitivity to cisplatin by direct targeting of H2AX 
(Srivastava et al.  2011 ). In addition, in an osteosarcoma cell line, miR-138 was also 
found to enhance cellular sensitivity to cisplatin and camptothecin by directly 
 targeting H2AX mRNA (Wang et al.  2011c ). In another study with cisplatin-resistant 
human NSCLC cells (A549/DDP), it was shown that the up-regulation of miR-138 
increased the sensitivity of these cells to cisplatin. In that same study, the excision 
repair cross-complementation group 1 (ERCC1) was also found to be negatively 
regulated by miR-138, with its levels being inversely correlated with the levels of 
miR-138 in A549/DDP cells (Wang et al.  2011a ). 

 MiR-182 has been described to target BRCA1. In breast cancer cells, miR-182 
was shown to mediate BRCA1 down-regulation, affecting DNA repair (Moskwa 
et al.  2011 ). 

ATM was shown to be directly targeted by miR-18a, their expression being 
inversely correlated in rectal tumor tissues. The repair of DNA damage induced by 
etoposide was inhibited by miR-18a, leading to increased apoptosis and accumulation 
of DNA damage (Wu et al.  2013a ). MiR-181a/b was also shown to directly target 
ATM and to sensitize breast cancer cells to PARP inhibitors (Bisso et al.  2013 ). 

 The mismatch repair (MMR) system is involved in DNA damage recognition and 
repair. MiR-21 was shown to target the core MMR complex, human mutS homolog 
2 (hMSH2) and 6 (hMSH6). Over-expression of this miRNA in colorectal cancer 
cells led to a signifi cantly reduced sensitivity to 5-fl uorouracil (Valeri et al.  2010 ). 
DNA repair protein RAD51 and the trans-lesion synthesis DNA polymerase REV1 
are transcriptionally regulated by miR-96, which directly  targets the 3′-UTR of 
REV1 and the coding region of RAD51. Over-expression of miR-96 increased sen-
sitivity to PARP inhibitor AZD2281  in vitro  and to cisplatin both  in vitro  and  in vivo  
(Wang et al.  2012b ). Matrix extracellular phosphoglycoprotein (MEPE) is a cofactor 
of CHK1 that protects cells from DNA damage-induced killing (Zhang et al.  2010c ). 
MiR-376a was shown to target MEPE, reducing G2 arrest and sensitizing cervical 
and liver cancer cells to camptothecin and etoposide (Sheng et al.  2013 ). 

11 MicroRNAs in Cancer Drug Resistance and Drug Sensitivity



274

 It has been shown that c-Myc over-expression causes increased replication origin 
activity with subsequent DNA damage (Dominguez-Sola et al.  2007 ). MiR-34c has 
been shown to target and repress c-Myc upon etoposide induced DNA damage, 
inhibiting DNA synthesis as well as blocking cells in S-phase, thus preventing 
 replication of damaged DNA (Cannell et al.  2010 ).  

4.5     Regulation of Cancer Stem-Like Cells and Epithelial 
to Mesenchymal Transition 

 CSCs are thought to have a major role in tumor proliferation, invasion or metastasis. 
Epithelial to mesenchymal transition (EMT) is a process that encompasses a 
 transition from a cobblestone phenotype to a fi broblastic phenotype, together with 
acquisition of increased cell motility and invasion [reviewed in Thiery et al. ( 2009 )]. 
These cellular alterations are accompanied by molecular adjustments including the 
decreased expression of E-cadherin and β-catenin and increased expression of 
vimentin, fi bronectin or smooth-muscle actin [reviewed in Thiery and Sleeman 
( 2006 )]. Current data suggests that the attainment of the EMT phenotype and the 
appearance of CSCs share biological alterations and cooperate in the development 
of cancer metastasis, recurrence, and chemoresistance (Hollier et al.  2009 ; 
Mani et al.  2008 ). 

 Analysis of miRNAs that regulate stem cell function and their association with 
the response to chemotherapy in esophageal cancers pointed to miR-200c as being 
involved in chemoresistance to cisplatin through directly interaction with PPP2R1B, 
a protein that inhibits tumor invasiveness and is involved in the Akt pathway 
(Hamano et al.  2011 ). In addition, miR-145 was shown to directly target the 3′-UTR 
of Oct4 and Sox2, two known stem cell markers. Over-expression of miR-145 in 
glioblastoma (GBM) CSCs reduced the expression of these factors as well as of 
other stemness genes, including Nanog, c-Myc, and of the oncogene Bmi-1. It also 
reduced MDR1 and ABCG2 proteins, sensitizing these cells to both cisplatin and 
temozolomide. All these results demonstrate that miR-145 is a key hub in the 
 stemness network of GBM CSCs (Yang et al.  2012f ). MiR-125a/b has been shown 
to directly target and decrease both Mcl-1 and ALDH1A3 (Aldehyde dehydroge-
nase 1 family member A3), a cancer stem cell marker (Douville et al.  2009 ). 
ALDH1-positive cells from the HT29 colon cancer cell line were resistant to pacli-
taxel and this resistance could be overcome by  over- expression of miR-125a/b 
(Chen et al.  2013a ). Intriguingly, miR-125b  over- expression was shown to increase 
CSC population and to confer resistance to taxol and gemcitabine in human breast 
epithelial cells by targeting Bak1 (Liu et al.  2013b ). In another study, docetaxel-
resistant pancreatic cells presented various stem cell markers as well as EMT phe-
notype. Transfection of either miR-200c or miR- 205 could revert the phenotype 
and sensitize these cells through directly  targeting ZEB1 and ZEB2 (zinc finger 
E-box–binding homeobox 1 and 2) (Puhr et al.  2012 ). ZEB1 was also shown to 
be directly targeted by miR-591. Moreover, over- expression of miR-591 decreased 
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cell proliferation and migration and sensitized ovarian cancer resistant cells to 
paclitaxel (Huh et al.  2013 ). Over-expression of miR-216a/217 was shown to 
directly target PTEN and SMAD7 and thus activate both TGF-β and PI3K/Akt 
pathways. This over-expression induced EMT and increased the stem-like cell 
population conferring resistance to sorafenib in HCC cells (Xia et al.  2013 ). 

 E-cadherin, known to be involved in EMT, is directly targeted by miR-23a. 
In NSCLC cell lines, over-expression of miR-23a led to increased resistance to 
gefi tinib and increased EMT phenotype (Cao et al.  2012 ). Bmi1 is another protein 
reported to be involved in EMT and stem cell self-renewal (Song et al.  2009b ; 
Yang et al.  2010 ). MiR-15b and -200b have been shown to directly target Bmi1, 
revert EMT phenotype, suppress motility and migration and sensitize tongue squa-
mous cell carcinoma resistant cells to cisplatin (Sun et al.  2012 ). Other studies 
have shown the involvement of miR-200 family in the regulation of EMT and drug 
resistance. In bladder cancer cells, over-expression of miR-200b and -200c inhib-
ited cell  migration and sensitized cells to cetuximab by directly binding ZEB1, 
ZEB2 and ERRFI-1 (Adam et al.  2009 ). In another study, re-expression of miR-
200b in gemcitabine resistant pancreatic cancer cells reverted the EMT phenotype 
and sensitized cells to gemcitabine (Li et al.  2009c ). Additionally, miR-200c was 
shown to directly target other mesenchymal genes such as class III β-tubulin 
(TUBB3). Ectopic expression of miR-200c sensitized endometrial Hec50 cancer 
cells to paclitaxel and vincristine but not to doxorubicin or cisplatin, indicating that 
targeting TUBB3 is a major mechanism through which miR-200c restores sensitiv-
ity to microtubule-binding chemotherapeutic agents (Cochrane et al.  2009 ). In 
tamoxifen resistant cells, re-expression of miR-375 sensitized cells to  tamoxifen, 
inhibiting invasion and reverting EMT-like properties. miR-375 was shown to 
directly target metadherin (MTDH), increasing E-cadherin and ZO-1 expression 
and decreasing the mesenchymal markers ZEB1 and SNAI2, indicating that the 
involvement of miR-375 in EMT could, at least in part, be via targeting MTDH 
(Ward et al.  2013 ).  

4.6     Regulation of Drug Effl ux 

 By regulating genes involved in drug effl ux, several miRNAs have been shown to 
play a role in drug resistance. In particular, several of these miRNAs are directly or 
indirectly related with MDR1/P-gp expression, one of the main contributors to the 
MDR phenotype [reviewed in Lopes-Rodrigues et al. ( 2013 )]. 

 Various miRNAs have been described to directly target the 3′-UTR of the MDR1 
mRNA. An inverse correlation between the expression of such miRNAs and MDR1 
mRNA and P-gp is observed. Indeed, over-expression of miR-451, -331-5p or -27a, 
which target MDR1/P-gp, has increased sensitivity of breast cancer and leukemia 
cells to doxorubicin (Feng et al.  2011 ; Kovalchuk et al.  2008 ). On the other hand, 
the down-regulation of miR-298 in breast cancer cells increased P-gp expression 
and resistance to doxorubicin. Importantly, miR-298 expression has been proposed 

11 MicroRNAs in Cancer Drug Resistance and Drug Sensitivity



276

as potential predictor of doxorubicin chemoresistance in human breast cancer 
(Bao et al.  2012 ). 

 Other miRNAs indirectly regulate MDR1/P-gp expression, by targeting mRNAs 
involved in MDR1 gene activation. The expression of such miRNAs has also been 
associated with drug response. Indeed, increased miR-21 caused a decrease in the 
levels of the tumor suppressor protein PDCD4, which was found to be associated 
with increased translation of several transcripts, including MDR1 .  MiR-21 down-
regulation enhanced multidrug sensitivity in MCF-7 cells (Bourguignon et al.  2009 ). 
Moreover, the down-regulation of miR-130a in cisplatin resistant SKOV3 ovarian 
cancer cells caused an indirect inhibition of MDR1 mRNA and of P-gp expression 
and reverted resistance to cisplatin (Yang et al.  2012c ). In addition, let-7 affected 
acquired resistance of ovarian cancer cells to taxanes by targeting IMP-1, resulting 
in MDR1 mRNA destabilization (Boyerinas et al.  2012 ). 

 Interestingly, in ovarian and cervical cancer cells, miR-27a and -451 (previously 
referred as direct MDR1/P-gp regulators) also seem to be activators of P-gp expres-
sion (Zhu et al.  2008 ). Indeed, antagomirs of miR-27a or -451 decreased MDR1 
mRNA and P-gp expression, increasing sensitivity to drugs which are P-gp substrates 
(Zhu et al.  2008 ). 

 In addition to the above referred miRNAs, regulating P-gp expression at a 
 post- transcriptional level, some miRNAs have been proposed to regulate MDR1 
expression at a transcriptional level by interfering with its promoter region 
[reviewed in Toscano-Garibay and Aquino-Jarquin  2012 ; Lopes-Rodrigues et al. 
( 2013 )]. MiR- 138 up-regulation in promyelocytic leukemia cells reverted the 
MDR phenotype by down-regulating P-gp (Zhao et al.  2010 ). In addition, down-
regulation of miR-27a decreased P-gp expression, possibly reverting drug resis-
tance in esophageal squamous cells and gastric cancer cells (Zhang et al.  2010a ; 
Dong et al.  2011 ). 

 Furthermore, some miRNAs regulate MDR1 by unknown mechanisms. MiR- 
200c was down-regulated in breast cancer patients which were non-responders to 
neoadjuvant chemotherapy (compared to responders) and in doxorubicin-resistant 
human breast cancer cells MCF-7/ADR (compared to parental MCF-7 cells). 
MiR- 200c restoration in MCF-7 cells reduced MDR1 mRNA and P-gp and increased 
sensitivity to epirubicin (Chen et al.  2012b ). The over-expression of miR-122, a 
liver specifi c miRNA frequently down-regulated in HCC, could modulate the 
sensitivity of HCC cells to drugs through the down-regulation of MDR related 
genes including MDR1 and MRP (Xu et al.  2011b ). 

 In addition to MDR1/P-gp, the regulation of other effl ux proteins by miRNAs 
has also been associated with drug response/resistance. For example, miR-181a, -328, 
-519c and -520h target BCRP/ABCG2. This has been shown to modulate colon and 
breast cancer cells sensitivity to mitoxantrone, 5-fl uorouracil or hydroxycamptothecin 
(Xu et al.  2012e ; Jiao et al.  2013 ; Pan et al.  2009b ; To et al.  2009 ). 

 MiR-326, which was down-regulated in etoposide resistant MCF-7 cells (MCF-7/
VP) and in a panel of advanced breast cancer tissues, negatively correlated with 
MRP1/ABCC1 levels. MiR-326 over-expression in MCF-7/VP cells sensitized cells 
to etoposide and doxorubicin (Liang et al.  2010 ). 
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 Finally, miR-297 targets MRP2/ABCC2 and was down-regulated in a panel of 
human colorectal carcinoma tissues, as well as in the oxaliplatin resistant cell line 
HCT116/L-OHP (comparing with its parental cells). The ectopic expression of 
miR-297 in MDR colorectal carcinoma cells sensitized cells to anticancer drugs  in 
vitro  and  in vivo  (Xu et al.  2012a ).  

4.7     Regulation of Drug Metabolism 

 Drugs are metabolized mainly by enzymes of the cytochrome P450 (CYP) family, 
which may be post-transcriptionally regulated by miRNAs. CYP members are over- 
expressed in a wide range of cancers, metabolizing cancer drugs and probably con-
ferring drug resistance (Murray et al.  1997 ). 

 The fi rst miRNA found to be associated with a CYP member was miR-27b, 
which was shown to directly target CYP1B1 in breast cancer cells (Tsuchiya et al. 
 2006 ). MiR-27b has also been shown to directly bind and regulate CYP3A4 
 expression (Pan et al.  2009a ). Other CYP members have since been found to be 
targets of miRNAs. CYP24 is targeted by miR-125b (Komagata et al.  2009 ), 
CYP2E1 by miR-378 (Mohri et al.  2010 ), CYP1A1 by miR-892a (Choi et al.  2012 ) 
and CYP2J2 by let-7b (Chen et al.  2012a ). Besides directly targeting CYP proteins, 
miRNAs have been shown to target transcription factors that regulate the expression 
of a variety of drug-metabolizing enzymes, such as Pregnane X receptor (PXR). For 
example, miR-148a directly targets PXR affecting the expression of CYP3A4 
(Takagi et al.  2008 ).   

5     Non-genetic Acquisition of MicroRNAs 
via Microvesicles and Exosomes 

 A possible association between the number of exosomes produced by cancer cells 
and cancer drug resistance has been described [reviewed in Muralidharan-Chari 
et al. ( 2010 ); Camussi et al. ( 2010 )]. In fact, chemoresistant cancer cells were 
shown to release more microvesicles than chemosensitive cancer cells (Safaei 
et al.  2005 ). In addition, it is known that miRNAs may be included in exosomes 
and transfer drug resistance to other cells (Jaiswal et al.  2012a ). A recent study 
has shown that P-gp over-expressing drug resistant cells can selectively package 
some miRNAs into microvesicles, which upon release on the recipient drug sensi-
tive cells can “retemplate” those cells conferring them a MDR phenotype (Jaiswal 
et al.  2012a ,  b ). 

 Interestingly, the transfer of miR-21-mediated chemoresistance in pancreatic 
adenocarcinoma cells has very recently been shown to occur via cell-to-cell contact 
involving the Systemic RNA Interference-defective-1 Transmembrane Family 
Member 1 (SIDT1) (Elhassan et al.  2012 ).  
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6     MicroRNA Polymorphisms Associated 
with Drug Resistance 

 MicroRNA polymorphisms (miRs-polymorphisms or miRSNPs) have been 
described as a novel class of functional polymorphisms, usually present at (or near) 
a miRNA binding site of functional genes and in genes involved in miRNA biogen-
esis. These polymorphisms may affect gene expression by interfering with a miRNA 
function. Therefore, this can lead to drug resistance/sensitivity depending on the 
function of the targeted mRNA that presents the polymorphism [reviewed in Mishra 
et al. ( 2008 ); Zhang and Dolan ( 2010 )]. 

 In particular, a miR-200b/200c/429-binding site polymorphism in the 3′-UTR 
region of AP-2α gene (a transcription factor which regulates several genes involved 
in cell proliferation and apoptosis) was found to associate with resistance to cispla-
tin in endometrial cancer cells (Wu et al.  2011 ). MiR-24 expression targeting the 
common drug target DHFR (dihydrofolate reductase) has been shown to regulate 
cellular proliferation. Indeed, miR-24 SNP has been shown to interfere with miR-24 
function, to increase DHFR mRNA and protein expression and  resistance to metho-
trexate (Mishra et al.  2007 ,  2008 ,  2009 ; Zhang and Dolan  2010 ). Moreover, for the 
let-7 family of miRNAs, which binds to and  regulates the expression of KRAS genes, 
a polymorphism in the let-7 complementary-binding site (lcs6) of the 3′-UTR of 
KRAS gene has been described. The presence of this polymorphism has been shown 
to increase KRAS expression  in vitro  (Chin et al.  2008 ). Interestingly, let-7 lcs6 
polymorphism was shown to predict response in wild-type KRAS patients with 
metastatic colorectal cancer treated with cetuximab monotherapy, and may there-
fore be considered as a predictive marker of cetuximab effi cacy in this context 
(Zhang et al.  2011b ). 

 MiRNA polymorphic variants have also been hypothesized as useful predictors 
of clinical outcome in metastatic colorectal cancer patients treated with the combi-
nation of 5-fl uorouracil and irinotecan (Boni et al.  2011 ). In addition, studies in cer-
vical cancer have shown that, in the absence of information on human papillomavirus 
infection, the tumor necrosis factor-alpha-induced protein 8 (TNFAIP8)-rs11064 
SNP may affect the affi nity of miR-22 binding to the 3′-UTR of TNFAIP8, regulating 
its expression. This may contribute not only for the risk of developing cervical cancer 
but also, the increased in TNFAIP8 protein expression may help predict platinum 
resistance and clinical outcomes in cervical cancer patients (Shi et al.  2013 ).  

7     Conclusion and Perspectives 

 Although research into the miRNAs area is still quite recent, the evidence for their 
relevance in cancer drug sensitivity and drug resistance is overwhelming. Care will 
need to be taken when trying to understand all the evidence that is being put together 
concerning the role of miRNAs in drug resistance, since this evidence is drawn from 
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various tumor models, different experimental conditions and testing various drugs 
and different concentrations. Moreover, the fact that miRNAs are multi-target and 
may regulate the expression of various proteins, either directly or indirectly, adds 
another layer of complexity into this drug resistance mechanism. Furthermore, 
miRNAs may operate through the canonical or the non-canonical mechanism of 
regulation of gene expression, i.e. they may down-regulate or up-regulate the target 
mRNAs expression, which makes this complex system very diffi cult to unravel. 
Nevertheless, some miRNAs such as miR-21 have been shown to be responsible for 
drug resistance in most of the studies performed to date. This indicates that the 
pathways targeted by such miRNAs very often lead to a drug resistant phenotype, 
irrespective of the particularly targeted mRNA in any specifi c study. This opens up 
new avenues to the discovery of miRNAs which may be considered good  biomarkers 
for drug resistance and/or therapeutic targets to overcome drug resistance. MiRNAs 
are a cutting edge area of research and hopefully in the near future further multidis-
ciplinary and interdisciplinary studies will emerge to help develop this particular 
area of cancer drug resistance research.     

      References 

    Acunzo M, Visone R, Romano G, Veronese A, Lovat F, Palmieri D et al (2012) miR-130a targets 
MET and induces TRAIL-sensitivity in NSCLC by downregulating miR-221 and 222. 
Oncogene 31(5):634–642  

     Adam L, Zhong M, Choi W, Qi W, Nicoloso M, Arora A et al (2009) miR-200 expression regulates 
epithelial-to-mesenchymal transition in bladder cancer cells and reverses resistance to epidermal 
growth factor receptor therapy. Clin Cancer Res 15(16):5060–5072  

    Akao Y, Noguchi S, Iio A, Kojima K, Takagi T, Naoe T (2011) Dysregulation of microRNA-34a 
expression causes drug-resistance to 5-FU in human colon cancer DLD-1 cells. Cancer Lett 
300(2):197–204  

    Akhdar H, Legendre C, Aninat C, More F (2012) Anticancer drug metabolism: chemotherapy 
resistance and new therapeutic approaches. In: Paxton DJ (ed) Topics on drug metabolism. 
InTech, Rijeka, pp 137–171  

    Bai H, Xu R, Cao Z, Wei D, Wang C (2011) Involvement of miR-21 in resistance to daunorubicin 
by regulating PTEN expression in the leukaemia K562 cell line. FEBS Lett 585(2):402–408  

     Bai H, Cao Z, Deng C, Zhou L, Wang C (2012) miR-181a sensitizes resistant leukaemia HL-60/
Ara-C cells to Ara-C by inducing apoptosis. J Cancer Res Clin Oncol 138(4):595–602  

    Bai Y, Liao H, Liu T, Zeng X, Xiao F, Luo L et al (2013) MiR-296-3p regulates cell growth and 
multi-drug resistance of human glioblastoma by targeting ether-a-go-go (EAG1). Eur J Cancer 
49(3):710–724  

     Bao L, Hazari S, Mehra S, Kaushal D, Moroz K, Dash S (2012) Increased expression of 
P-glycoprotein and doxorubicin chemoresistance of metastatic breast cancer is regulated by 
miR-298. Am J Pathol 180(6):2490–2503  

     Bergamaschi A, Katzenellenbogen BS (2012) Tamoxifen downregulation of miR-451 increases 
14-3-3zeta and promotes breast cancer cell survival and endocrine resistance. Oncogene 
31(1):39–47  

       Bhatnagar N, Li X, Padi SK, Zhang Q, Tang MS, Guo B (2010) Downregulation of miR-205 and 
miR-31 confers resistance to chemotherapy-induced apoptosis in prostate cancer cells. Cell 
Death Dis 1:e105  

11 MicroRNAs in Cancer Drug Resistance and Drug Sensitivity



280

    Bhutia YD, Hung SW, Krentz M, Patel D, Lovin D, Manoharan R et al (2013) Differential 
processing of let-7a precursors infl uences RRM2 expression and chemosensitivity in pancreatic 
cancer: role of LIN-28 and SET oncoprotein. PloS One 8(1):e53436  

     Bian HB, Pan X, Yang JS, Wang ZX, De W (2011) Upregulation of microRNA-451 
increases cisplatin sensitivity of non-small cell lung cancer cell line (A549). J Exp Clin 
Cancer Res 30:20  

    Bisso A, Faleschini M, Zampa F, Capaci V, De Santa J, Santarpia L et al (2013) Oncogenic miR- 181a/b 
affect the DNA damage response in aggressive breast cancer. Cell Cycle 12(11):1679–1687  

      Bitarte N, Bandres E, Boni V, Zarate R, Rodriguez J, Gonzalez-Huarriz M et al (2011) 
MicroRNA-451 is involved in the self-renewal, tumorigenicity, and chemoresistance of 
colorectal cancer stem cells. Stem Cells 29(11):1661–1671  

     Blower PE, Verducci JS, Lin SL, Zhou J, Chung JH, Dai ZY et al (2007) MicroRNA expression 
profi les for the NCI-60 cancer cell panel. Mol Cancer Ther 6(5):1483–1491  

    Blower PE, Chung JH, Verducci JS, Lin S, Park JK, Dai Z et al (2008) MicroRNAs modulate the 
chemosensitivity of tumor cells. Mol Cancer Ther 7(1):1–9  

      Bockhorn J, Dalton R, Nwachukwu C, Huang S, Prat A, Yee K et al (2013) MicroRNA-30c inhibits 
human breast tumour chemotherapy resistance by regulating TWF1 and IL-11. Nat Commun 
4:1393  

    Bommer GT, Gerin I, Feng Y, Kaczorowski AJ, Kuick R, Love RE et al (2007) p53-mediated 
activation of miRNA34 candidate tumor-suppressor genes. Curr Biol 17(15):1298–1307  

    Boni V, Bitarte N, Cristobal I, Zarate R, Rodriguez J, Maiello E et al (2010) miR-192/miR-215 
infl uence 5-fl uorouracil resistance through cell cycle-mediated mechanisms complementary to 
its post-transcriptional thymidilate synthase regulation. Mol Cancer Ther 9(8):2265–2275  

    Boni V, Zarate R, Villa JC, Bandres E, Gomez MA, Maiello E et al (2011) Role of primary miRNA 
polymorphic variants in metastatic colon cancer patients treated with 5-fl uorouracil and 
irinotecan. Pharmacogenomics J 11(6):429–436  

    Borralho PM, Kren BT, Castro RE, da Silva IB, Steer CJ, Rodrigues CM (2009) MicroRNA-143 
reduces viability and increases sensitivity to 5-fl uorouracil in HCT116 human colorectal 
cancer cells. FEBS J 276(22):6689–6700  

    Borst P (2012) Cancer drug pan-resistance: pumps, cancer stem cells, quiescence, epithelial to 
mesenchymal transition, blocked cell death pathways, persisters or what? Open Biol 
2(5):120066  

    Bourguignon LY, Spevak CC, Wong G, Xia W, Gilad E (2009) Hyaluronan-CD44 interaction with 
protein kinase C(epsilon) promotes oncogenic signaling by the stem cell marker Nanog and the 
Production of microRNA-21, leading to down-regulation of the tumor suppressor protein 
PDCD4, anti-apoptosis, and chemotherapy resistance in breast tumor cells. J Biol Chem 
284(39):26533–26546  

    Bourguignon LY, Wong G, Earle C, Chen L (2012) Hyaluronan-CD44v3 interaction with Oct4-
Sox2- Nanog promotes miR-302 expression leading to self-renewal, clonal formation, and cis-
platin resistance in cancer stem cells from head and neck squamous cell carcinoma. J Biol 
Chem 287(39):32800–32824  

    Boyd MR, Pauli KD (1995) Some practical considerations and applications of the National-
Cancer- Institute in-vitro anticancer drug discovery screen. Drug Dev Res 34(2):91–109  

     Boyerinas B, Park SM, Murmann AE, Gwin K, Montag AG, Zillhardt M et al (2012) Let-7 
modulates acquired resistance of ovarian cancer to Taxanes via IMP-1-mediated stabilization 
of multidrug resistance 1. Int J Cancer/Journal International du Cancer 130(8):1787–1797  

    Broxterman HJ, Gotink KJ, Verheul HM (2009) Understanding the causes of multidrug resistance 
in cancer: a comparison of doxorubicin and sunitinib. Drug Resist Update 12(4–5):114–126  

    Brunner S, Herndler-Brandstetter D, Arnold CR, Wiegers GJ, Villunger A, Hackl M et al (2012) 
Upregulation of miR-24 is associated with a decreased DNA damage response upon etoposide 
treatment in highly differentiated CD8(+) T cells sensitizing them to apoptotic cell death. 
Aging Cell 11(4):579–587  

    Camussi G, Deregibus MC, Bruno S, Cantaluppi V, Biancone L (2010) Exosomes/microvesicles 
as a mechanism of cell-to-cell communication. Kidney Int 78(9):838–848  

H. Seca et al.



281

    Cannell IG, Kong YW, Johnston SJ, Chen ML, Collins HM, Dobbyn HC et al (2010) p38 MAPK/
MK2-mediated induction of miR-34c following DNA damage prevents Myc-dependent DNA 
replication. Proc Natl Acad Sci U S A 107(12):5375–5380  

    Cao M, Seike M, Soeno C, Mizutani H, Kitamura K, Minegishi Y et al (2012) MiR-23a regulates 
TGF-beta-induced epithelial-mesenchymal transition by targeting E-cadherin in lung cancer 
cells. Int J Oncol 41(3):869–875  

    Catuogno S, Cerchia L, Romano G, Pognonec P, Condorelli G, de Franciscis V (2013) miR-34c 
may protect lung cancer cells from paclitaxel-induced apoptosis. Oncogene 32(3):341–351  

    Ceppi P, Mudduluru G, Kumarswamy R, Rapa I, Scagliotti GV, Papotti M et al (2010) Loss of 
miR-200c expression induces an aggressive, invasive, and chemoresistant phenotype in non- 
small cell lung cancer. Mol Cancer Res 8(9):1207–1216  

    Chai H, Liu M, Tian R, Li X, Tang H (2011) miR-20a targets BNIP2 and contributes chemothera-
peutic resistance in colorectal adenocarcinoma SW480 and SW620 cell lines. Acta Biochim 
Biophys Sin 43(3):217–225  

    Chang CJ, Hsu CC, Chang CH, Tsai LL, Chang YC, Lu SW et al (2011) Let-7d functions as novel 
regulator of epithelial-mesenchymal transition and chemoresistant property in oral cancer. 
Oncol Rep 26(4):1003–1010  

    Chen F, Zhu HH, Zhou LF, Wu SS, Wang J, Chen Z (2010a) Inhibition of c-FLIP expression by 
miR-512-3p contributes to taxol-induced apoptosis in hepatocellular carcinoma cells. Oncol 
Rep 23(5):1457–1462  

    Chen Y, Zuo J, Liu Y, Gao H, Liu W (2010b) Inhibitory effects of miRNA-200c on chemotherapy- 
resistance and cell proliferation of gastric cancer SGC7901/DDP cells. Chin J Cancer 
29(12):1006–1011  

    Chen F, Chen C, Yang S, Gong W, Wang Y, Cianfl one K et al (2012a) Let-7b inhibits human cancer 
phenotype by targeting cytochrome P450 epoxygenase 2J2. PloS One 7(6):e39197  

     Chen J, Tian W, Cai H, He H, Deng Y (2012b) Down-regulation of microRNA-200c is associated 
with drug resistance in human breast cancer. Med Oncol 29(4):2527–2534  

    Chen PS, Su JL, Hung MC (2012c) Dysregulation of microRNAs in cancer. J Biomed Sci 19:90  
     Chen Y, Tsai YH, Fang Y, Tseng SH (2012d) Micro-RNA-21 regulates the sensitivity to cisplatin 

in human neuroblastoma cells. J Pediatr Surg 47(10):1797–1805  
     Chen J, Chen Y, Chen Z (2013a) MiR-125a/b regulates the activation of cancer stem cells in 

paclitaxel-resistant colon cancer. Cancer Invest 31(1):17–23  
    Chen L, Tang Y, Wang J, Yan Z, Xu R (2013b) miR-421 induces cell proliferation and apoptosis 

resistance in human nasopharyngeal carcinoma via downregulation of FOXO4. Biochem 
Biophys Res Commun 435(4):745–750  

    Cheng W, Liu T, Wan X, Gao Y, Wang H (2012) MicroRNA-199a targets CD44 to suppress the 
tumorigenicity and multidrug resistance of ovarian cancer-initiating cells. FEBS J 279(11):
2047–2059  

    Chin LJ, Ratner E, Leng S, Zhai R, Nallur S, Babar I et al (2008) A SNP in a let-7 microRNA 
complementary site in the KRAS 3′ untranslated region increases non-small cell lung cancer 
risk. Cancer Res 68(20):8535–8540  

    Choi YM, An S, Lee EM, Kim K, Choi SJ, Kim JS et al (2012) CYP1A1 is a target of miR-892a- 
mediated post-transcriptional repression. Int J Oncol 41(1):331–336  

      Cittelly DM, Das PM, Salvo VA, Fonseca JP, Burow ME, Jones FE (2010a) Oncogenic 
HER2{Delta}16 suppresses miR-15a/16 and deregulates BCL-2 to promote endocrine resis-
tance of breast tumors. Carcinogenesis 31(12):2049–2057  

    Cittelly DM, Das PM, Spoelstra NS, Edgerton SM, Richer JK, Thor AD et al (2010b) Downregulation 
of miR-342 is associated with tamoxifen resistant breast tumors. Mol Cancer 9:317  

    Cittelly DM, Dimitrova I, Howe EN, Cochrane DR, Jean A, Spoelstra NS et al (2012) Restoration 
of miR-200c to ovarian cancer reduces tumor burden and increases sensitivity to paclitaxel. 
Mol Cancer Ther 11(12):2556–2565  

    Cochrane DR, Spoelstra NS, Howe EN, Nordeen SK, Richer JK (2009) MicroRNA-200c mitigates 
invasiveness and restores sensitivity to microtubule-targeting chemotherapeutic agents. Mol 
Cancer Ther 8(5):1055–1066  

11 MicroRNAs in Cancer Drug Resistance and Drug Sensitivity



282

     Dai B, Meng J, Peyton M, Girard L, Bornmann WG, Ji L et al (2011) STAT3 mediates resistance 
to MEK inhibitor through microRNA miR-17. Cancer Res 71(10):3658–3668  

    Dalgard CL, Gonzalez M, deNiro JE, O’Brien JM (2009) Differential microRNA-34a expression and 
tumor suppressor function in retinoblastoma cells. Invest Ophthalmol Vis Sci 50(10):4542–4551  

    Dominguez-Sola D, Ying CY, Grandori C, Ruggiero L, Chen B, Li M et al (2007) Non- 
transcriptional control of DNA replication by c-Myc. Nature 448(7152):445–451  

       Dong J, Zhao YP, Zhou L, Zhang TP, Chen G (2011) Bcl-2 upregulation induced by miR-21 via a 
direct interaction is associated with apoptosis and chemoresistance in MIA PaCa-2 pancreatic 
cancer cells. Arch Med Res 42(1):8–14  

    Donzelli S, Fontemaggi G, Fazi F, Di Agostino S, Padula F, Biagioni F et al (2012) MicroRNA-128-2 
targets the transcriptional repressor E2F5 enhancing mutant p53 gain of function. Cell Death 
Differ 19(6):1038–1048  

    Dore LC, Amigo JD, Dos Santos CO, Zhang Z, Gai X, Tobias JW et al (2008) A GATA-1-regulated 
microRNA locus essential for erythropoiesis. Proc Natl Acad Sci U S A 105(9):3333–3338  

    Douville J, Beaulieu R, Balicki D (2009) ALDH1 as a functional marker of cancer stem and 
 progenitor cells. Stem Cells Dev 18(1):17–25  

    Du L, Subauste MC, DeSevo C, Zhao Z, Baker M, Borkowski R et al (2012) miR-337-3p and its 
targets STAT3 and RAP1A modulate taxane sensitivity in non-small cell lung cancers. PloS 
One 7(6):e39167  

    Elhassan MO, Christie J, Duxbury MS (2012) Homo sapiens systemic RNA interference-
defective- 1 transmembrane family member 1 (SIDT1) protein mediates contact-dependent 
small RNA transfer and microRNA-21-driven chemoresistance. J Biol Chem 287(8):
5267–5277  

      Feng DD, Zhang H, Zhang P, Zheng YS, Zhang XJ, Han BW et al (2011) Down-regulated 
 miR-331- 5p and miR-27a are associated with chemotherapy resistance and relapse in 
leukaemia. J Cell Mol Med 15(10):2164–2175  

    Feng B, Wang R, Chen LB (2012a) MiR-100 resensitizes docetaxel-resistant human lung adeno-
carcinoma cells (SPC-A1) to docetaxel by targeting Plk1. Cancer Lett 317(2):184–191  

    Feng B, Wang R, Song HZ, Chen LB (2012b) MicroRNA-200b reverses chemoresistance of docetaxel-
resistant human lung adenocarcinoma cells by targeting E2F3. Cancer 118(13):3365–3376  

     Ferracin M, Zagatti B, Rizzotto L, Cavazzini F, Veronese A, Ciccone M et al (2010) MicroRNAs 
involvement in fl udarabine refractory chronic lymphocytic leukemia. Mol Cancer 9:123  

    Flamant S, Ritchie W, Guilhot J, Holst J, Bonnet ML, Chomel JC et al (2010) Micro-RNA response to 
imatinib mesylate in patients with chronic myeloid leukemia. Haematologica 95(8):1325–1333  

    Fletcher JI, Haber M, Henderson MJ, Norris MD (2010) ABC transporters in cancer: more than 
just drug effl ux pumps. Nat Rev Cancer 10(2):147–156  

      Fojo T (2007) Multiple paths to a drug resistance phenotype: mutations, translocations, deletions 
and amplifi cation of coding genes or promoter regions, epigenetic changes and microRNAs. 
Drug Resist Update 10(1–2):59–67  

     Fornari F, Gramantieri L, Giovannini C, Veronese A, Ferracin M, Sabbioni S et al (2009) MiR-122/
cyclin G1 interaction modulates p53 activity and affects doxorubicin sensitivity of human 
hepatocarcinoma cells. Cancer Res 69(14):5761–5767  

    Fornari F, Milazzo M, Chieco P, Negrini M, Calin GA, Grazi GL et al (2010) MiR-199a-3p regu-
lates mTOR and c-Met to infl uence the doxorubicin sensitivity of human hepatocarcinoma 
cells. Cancer Res 70(12):5184–5193  

    Fornari F, Milazzo M, Chieco P, Negrini M, Marasco E, Capranico G et al (2012) In hepatocellular 
carcinoma miR-519d is up-regulated by p53 and DNA hypomethylation and targets CDKN1A/
p21, PTEN, AKT3 and TIMP2. J Pathol 227(3):275–285  

     Frankel LB, Wen J, Lees M, Hoyer-Hansen M, Farkas T, Krogh A et al (2011) microRNA-101 is 
a potent inhibitor of autophagy. EMBO J 30(22):4628–4641  

    Fu X, Tian J, Zhang L, Chen Y, Hao Q (2012) Involvement of microRNA-93, a new regulator of 
PTEN/Akt signaling pathway, in regulation of chemotherapeutic drug cisplatin chemosensitivity 
in ovarian cancer cells. FEBS Lett 586(9):1279–1286  

H. Seca et al.



283

       Fujita Y, Kojima K, Hamada N, Ohhashi R, Akao Y, Nozawa Y et al (2008) Effects of miR-34a on 
cell growth and chemoresistance in prostate cancer PC3 cells. Biochem Biophys Res Commun 
377(1):114–119  

    Fujita Y, Kojima K, Ohhashi R, Hamada N, Nozawa Y, Kitamoto A et al (2010) MiR-148a attenu-
ates paclitaxel resistance of hormone-refractory, drug-resistant prostate cancer PC3 cells by 
regulating MSK1 expression. J Biol Chem 285(25):19076–19084  

     Gal H, Pandi G, Kanner AA, Ram Z, Lithwick-Yanai G, Amariglio N et al (2008) MIR-451 and 
Imatinib mesylate inhibit tumor growth of Glioblastoma stem cells. Biochem Biophys Res 
Commun 376(1):86–90  

      Galluzzi L, Morselli E, Vitale I, Kepp O, Senovilla L, Criollo A et al (2010) miR-181a and 
miR- 630 regulate cisplatin-induced cancer cell death. Cancer Res 70(5):1793–1803  

      Garofalo M, Quintavalle C, Di Leva G, Zanca C, Romano G, Taccioli C et al (2008) MicroRNA 
signatures of TRAIL resistance in human non-small cell lung cancer. Oncogene 27(27):
3845–3855  

      Garofalo M, Di Leva G, Romano G, Nuovo G, Suh SS, Ngankeu A et al (2009) miR-221&222 
regulate TRAIL resistance and enhance tumorigenicity through PTEN and TIMP3 downregu-
lation. Cancer Cell 16(6):498–509  

     Garofalo M, Quintavalle C, Romano G, Croce CM, Condorelli G (2012a) miR221/222 in cancer: 
their role in tumor progression and response to therapy. Curr Mol Med 12(1):27–33  

              Garofalo M, Romano G, Di Leva G, Nuovo G, Jeon YJ, Ngankeu A et al (2012b) EGFR and MET 
receptor tyrosine kinase-altered microRNA expression induces tumorigenesis and gefi tinib 
resistance in lung cancers. Nat Med 18(1):74–82  

      Garraway LA, Janne PA (2012) Circumventing cancer drug resistance in the era of personalized 
medicine. Cancer Discov 2(3):214–226  

    Gaur A, Jewell DA, Liang Y, Ridzon D, Moore JH, Chen CF et al (2007) Characterization of 
microRNA expression levels and their biological correlates in human cancer cell lines. Cancer 
Res 67(6):2456–2468  

    Gerlinger M, Swanton C (2010) How Darwinian models inform therapeutic failure initiated by 
clonal heterogeneity in cancer medicine. Br J Cancer 103(8):1139–1143  

    Gerlinger M, Rowan AJ, Horswell S, Larkin J, Endesfelder D, Gronroos E et al (2012) Intratumor 
heterogeneity and branched evolution revealed by multiregion sequencing. New Engl J Med 
366(10):883–892  

    Giovannetti E, Funel N, Peters GJ, Del Chiaro M, Erozenci LA, Vasile E et al (2010) MicroRNA-21 
in pancreatic cancer: correlation with clinical outcome and pharmacologic aspects underlying 
its role in the modulation of gemcitabine activity. Cancer Res 70(11):4528–4538  

    Gmeiner WH, Reinhold WC, Pommier Y (2010) Genome-wide mRNA and microRNA profi ling 
of the NCI 60 cell-line screen and comparison of FdUMP[10] with fl uorouracil, fl oxuridine, 
and topoisomerase 1 poisons. Mol Cancer Ther 9(12):3105–3114  

     Gong C, Yao Y, Wang Y, Liu B, Wu W, Chen J et al (2011) Up-regulation of miR-21 mediates 
resistance to trastuzumab therapy for breast cancer. J Biol Chem 286(21):19127–19137  

      Gottesman MM, Fojo T, Bates SE (2002) Multidrug resistance in cancer: role of ATP-dependent 
transporters. Nat Rev Cancer 2(1):48–58  

    Green LJ, Lin S-Y (2012) DNA damage response and breast cancer: an overview. In: Aft RL (ed) 
Targeting new pathways and cell death in breast cancer. InTech, Rijeka, pp 97–113  

    Gu F, Ma Y, Zhang Z, Zhao J, Kobayashi H, Zhang L et al (2010) Expression of Stat3 and Notch1 
is associated with cisplatin resistance in head and neck squamous cell carcinoma. Oncol Rep 
23(3):671–676  

      Guo L, Liu Y, Bai Y, Sun Y, Xiao F, Guo Y (2010) Gene expression profi ling of drug-resistant 
small cell lung cancer cells by combining microRNA and cDNA expression analysis. Eur J 
Cancer 46(9):1692–1702  

     Hamano R, Miyata H, Yamasaki M, Kurokawa Y, Hara J, Moon JH et al (2011) Overexpression of 
miR-200c induces chemoresistance in esophageal cancers mediated through activation of the 
Akt signaling pathway. Clin Cancer Res 17(9):3029–3038  

11 MicroRNAs in Cancer Drug Resistance and Drug Sensitivity



284

    Hatakeyama H, Cheng H, Wirth P, Counsell A, Marcrom SR, Wood CB et al (2010) Regulation of 
heparin-binding EGF-like growth factor by miR-212 and acquired cetuximab-resistance in 
head and neck squamous cell carcinoma. PloS One 5(9):e12702  

    He X, He L, Hannon GJ (2007) The guardian’s little helper: microRNAs in the p53 tumor 
suppressor network. Cancer Res 67(23):11099–11101  

    Hebert C, Norris K, Scheper MA, Nikitakis N, Sauk JJ (2007) High mobility group A2 is a target 
for miRNA-98 in head and neck squamous cell carcinoma. Mol Cancer 6:5  

    Holleman A, Chung I, Olsen RR, Kwak B, Mizokami A, Saijo N et al (2011) miR-135a 
contributes to paclitaxel resistance in tumor cells both in vitro and in vivo. Oncogene 
30(43):4386–4398  

    Hollier BG, Evans K, Mani SA (2009) The epithelial-to-mesenchymal transition and cancer stem 
cells: a coalition against cancer therapies. J Mammary Gland Biol Neoplasia 14(1):29–43  

    Hong L, Han Y, Zhang H, Li M, Gong T, Sun L et al (2010) The prognostic and chemotherapeutic 
value of miR-296 in esophageal squamous cell carcinoma. Ann Surg 251(6):1056–1063  

    Hu H, Du L, Nagabayashi G, Seeger RC, Gatti RA (2010a) ATM is down-regulated by N-Myc- 
regulated microRNA-421. Proc Natl Acad Sci U S A 107(4):1506–1511  

     Hu W, Chan CS, Wu R, Zhang C, Sun Y, Song JS et al (2010b) Negative regulation of tumor 
suppressor p53 by microRNA miR-504. Mol Cell 38(5):689–699  

    Hu H, Li S, Cui X, Lv X, Jiao Y, Yu F et al (2013) The overexpression of hypomethylated 
miR-663 induces chemotherapy resistance in human breast cancer cells by targeting heparin 
sulfate proteoglycan 2 (HSPG2). J Biol Chem 288(16):10973–10985  

       Huh JH, Kim TH, Kim K, Song JA, Jung YJ, Jeong JY et al (2013) Dysregulation of miR-106a and 
miR-591 confers paclitaxel resistance to ovarian cancer. Br J Cancer 109(2):452–461  

    Hummel R, Watson DI, Smith C, Kist J, Michael MZ, Haier J et al (2011) Mir-148a improves 
response to chemotherapy in sensitive and resistant oesophageal adenocarcinoma and squa-
mous cell carcinoma cells. J Gastrointest Surg 15(3):429–438  

    Imanaka Y, Tsuchiya S, Sato F, Shimada Y, Shimizu K, Tsujimoto G (2011) MicroRNA-141 
 confers resistance to cisplatin-induced apoptosis by targeting YAP1 in human esophageal 
 squamous cell carcinoma. J Human Genetics 56(4):270–276  

    Incoronato M, Garofalo M, Urso L, Romano G, Quintavalle C, Zanca C et al (2010) miR-212 
increases tumor necrosis factor-related apoptosis-inducing ligand sensitivity in non-small cell 
lung cancer by targeting the antiapoptotic protein PED. Cancer Res 70(9):3638–3646  

    Iorio MV, Casalini P, Piovan C, Di Leva G, Merlo A, Triulzi T et al (2009) microRNA-205 
regulates HER3 in human breast cancer. Cancer Res 69(6):2195–2200  

    Ivanovska I, Ball AS, Diaz RL, Magnus JF, Kibukawa M, Schelter JM et al (2008) MicroRNAs in 
the miR-106b family regulate p21/CDKN1A and promote cell cycle progression. Mol Cell 
Biol 28(7):2167–2174  

    Iwagami Y, Eguchi H, Nagano H, Akita H, Hama N, Wada H et al (2013) miR-320c regulates 
gemcitabine-resistance in pancreatic cancer via SMARCC1. Br J Cancer 109(2):502–511  

     Jaiswal R, Gong J, Sambasivam S, Combes V, Mathys JM, Davey R et al (2012a) Microparticle- 
associated nucleic acids mediate trait dominance in cancer. FASEB J 26(1):420–429  

    Jaiswal R, Luk F, Gong J, Mathys JM, Grau GE, Bebawy M (2012b) Microparticle conferred 
microRNA profi les–implications in the transfer and dominance of cancer traits. Mol Cancer 
11:37  

       Ji Q, Hao X, Meng Y, Zhang M, Desano J, Fan D et al (2008) Restoration of tumor suppressor 
miR-34 inhibits human p53-mutant gastric cancer tumorspheres. BMC Cancer 8:266  

    Jiao X, Zhao L, Ma M, Bai X, He M, Yan Y et al (2013) MiR-181a enhances drug sensitivity in 
mitoxantone-resistant breast cancer cells by targeting breast cancer resistance protein (BCRP/
ABCG2). Breast Cancer Res Treat 139(3):717–730  

    Kalinowski FC, Giles KM, Candy PA, Ali A, Ganda C, Epis MR et al (2012) Regulation of epider-
mal growth factor receptor signaling and erlotinib sensitivity in head and neck cancer cells by 
miR-7. PloS One 7(10):e47067  

     Karaayvaz M, Zhai H, Ju J (2013) miR-129 promotes apoptosis and enhances chemosensitivity to 
5-fl uorouracil in colorectal cancer. Cell Death Dis 4:e659  

H. Seca et al.



285

      Kastl L, Brown I, Schofi eld AC (2012) miRNA-34a is associated with docetaxel resistance in 
human breast cancer cells. Breast Cancer Res Treat 131(2):445–454  

    Kasuga C, Nakahara Y, Ueda S, Hawkins C, Taylor MD, Smith CA et al (2008) Expression of 
MAGE and GAGE genes in medulloblastoma and modulation of resistance to chemotherapy. 
Laboratory investigation. J Neurosurg Pediatr 1(4):305–313  

    Kim JH, Kim WS, Park C (2012) Epstein-Barr virus latent membrane protein-1 protects B-cell 
lymphoma from rituximab-induced apoptosis through miR-155-mediated Akt activation and 
up-regulation of Mcl-1. Leuk Lymphoma 53(8):1586–1591  

     Kojima K, Fujita Y, Nozawa Y, Deguchi T, Ito M (2010) MiR-34a attenuates paclitaxel-resistance 
of hormone-refractory prostate cancer PC3 cells through direct and indirect mechanisms. 
Prostate 70(14):1501–1512  

    Komagata S, Nakajima M, Takagi S, Mohri T, Taniya T, Yokoi T (2009) Human CYP24 catalyzing 
the inactivation of calcitriol is post-transcriptionally regulated by miR-125b. Mol Pharmacol 
76(4):702–709  

    Kong W, He L, Coppola M, Guo J, Esposito NN, Coppola D et al (2010) MicroRNA-155 regulates 
cell survival, growth, and chemosensitivity by targeting FOXO3a in breast cancer. J Biol Chem 
285(23):17869–17879  

     Kong F, Sun C, Wang Z, Han L, Weng D, Lu Y et al (2011) miR-125b confers resistance of ovarian 
cancer cells to cisplatin by targeting pro-apoptotic Bcl-2 antagonist killer 1. J Huazhong Univ 
Sci Technol Med Sci 31(4):543–549  

    Kopp F, Oak PS, Wagner E, Roidl A (2012) miR-200c sensitizes breast cancer cells to doxorubicin 
treatment by decreasing TrkB and Bmi1 expression. PloS One 7(11):e50469  

    Korner C, Keklikoglou I, Bender C, Worner A, Munstermann E, Wiemann S (2013) MicroRNA-31 
sensitizes human breast cells to apoptosis by direct targeting of protein kinase C epsilon 
(PKCepsilon). J Biol Chem 288(12):8750–8761  

    Kosaka T, Yamaki E, Mogi A, Kuwano H (2011) Mechanisms of resistance to EGFR TKIs and 
development of a new generation of drugs in non-small-cell lung cancer. J Biomed Biotechnol 
2011:165214  

    Kotani A, Ha D, Hsieh J, Rao PK, Schotte D, den Boer ML et al (2009) miR-128b is a potent 
glucocorticoid sensitizer in MLL-AF4 acute lymphocytic leukemia cells and exerts cooperative 
effects with miR-221. Blood 114(19):4169–4178  

      Kovalchuk O, Filkowski J, Meservy J, Ilnytskyy Y, Tryndyak VP, Chekhun VF et al (2008) 
Involvement of microRNA-451 in resistance of the MCF-7 breast cancer cells to chemothera-
peutic drug doxorubicin. Mol Cancer Ther 7(7):2152–2159  

    Kumar M, Lu Z, Takwi AA, Chen W, Callander NS, Ramos KS et al (2011) Negative regulation of 
the tumor suppressor p53 gene by microRNAs. Oncogene 30(7):843–853  

      Lal A, Pan Y, Navarro F, Dykxhoorn DM, Moreau L, Meire E et al (2009) miR-24-mediated down-
regulation of H2AX suppresses DNA repair in terminally differentiated blood cells. Nat Struct 
Mol Biol 16(5):492–498  

                Lam LT, Lu X, Zhang H, Lesniewski R, Rosenberg S, Semizarov D (2010) A microRNA screen to 
identify modulators of sensitivity to BCL2 inhibitor ABT-263 (navitoclax). Mol Cancer Ther 
9(11):2943–2950  

    Lee JW, Choi CH, Choi JJ, Park YA, Kim SJ, Hwang SY et al (2008) Altered MicroRNA expres-
sion in cervical carcinomas. Clin Cancer Res 14(9):2535–2542  

     Li T, Li D, Sha J, Sun P, Huang Y (2009a) MicroRNA-21 directly targets MARCKS and promotes 
apoptosis resistance and invasion in prostate cancer cells. Biochem Biophys Res Commun 
383(3):280–285  

    Li Y, Li W, Yang Y, Lu Y, He C, Hu G et al (2009b) MicroRNA-21 targets LRRFIP1 and  contributes 
to VM-26 resistance in glioblastoma multiforme. Brain Res 1286:13–18  

     Li Y, VandenBoom TG 2nd, Kong D, Wang Z, Ali S, Philip PA et al (2009c) Up-regulation of miR- 
200 and let-7 by natural agents leads to the reversal of epithelial-to-mesenchymal transition in 
gemcitabine-resistant pancreatic cancer cells. Cancer Res 69(16):6704–6712  

    Li Y, Zhu X, Gu J, Dong D, Yao J, Lin C et al (2010a) Anti-miR-21 oligonucleotide sensitizes 
leukemic K562 cells to arsenic trioxide by inducing apoptosis. Cancer Sci 101(4):948–954  

11 MicroRNAs in Cancer Drug Resistance and Drug Sensitivity



286

    Li Z, Hu S, Wang J, Cai J, Xiao L, Yu L et al (2010b) MiR-27a modulates MDR1/P-glycoprotein 
expression by targeting HIPK2 in human ovarian cancer cells. Gynecol Oncol 
119(1):125–130  

    Li J, Chen Y, Zhao J, Kong F, Zhang Y (2011a) miR-203 reverses chemoresistance in p53-mutated 
colon cancer cells through downregulation of Akt2 expression. Cancer Lett 304(1):52–59  

    Li J, Zhang Y, Zhao J, Kong F, Chen Y (2011b) Overexpression of miR-22 reverses paclitaxel- 
induced chemoresistance through activation of PTEN signaling in p53-mutated colon cancer 
cells. Mol Cell Biochem 357(1–2):31–38  

     Li H, Hui L, Xu W (2012a) miR-181a sensitizes a multidrug-resistant leukemia cell line K562/A02 
to daunorubicin by targeting BCL-2. Acta Biochim Biophys Sin 44(3):269–277  

      Li XJ, Ji MH, Zhong SL, Zha QB, Xu JJ, Zhao JH et al (2012b) MicroRNA-34a modulates 
chemosensitivity of breast cancer cells to adriamycin by targeting Notch1. Arch Med Res 
43(7):514–521  

     Liang Z, Wu H, Xia J, Li Y, Zhang Y, Huang K et al (2010) Involvement of miR-326 in chemo-
therapy resistance of breast cancer through modulating expression of multidrug resistance- 
associated protein 1. Biochem Pharm 79(6):817–824  

    Liang Z, Li Y, Huang K, Wagar N, Shim H (2011) Regulation of miR-19 to breast cancer chemo-
resistance through targeting PTEN. Pharm Res 28(12):3091–3100  

    Lima RT, Busacca S, Almeida GM, Gaudino G, Fennell DA, Vasconcelos MH (2011) MicroRNA 
regulation of core apoptosis pathways in cancer. Eur J Cancer 47(2):163–174  

    Liu L, Chen R, Huang S, Wu Y, Li G, Zhang B et al (2012a) miR-153 sensitized the K562 cells to 
As2O3-induced apoptosis. Med Oncol 29(1):243–247  

      Liu L, Wang S, Chen R, Wu Y, Zhang B, Huang S et al (2012b) Myc induced miR-144/451 con-
tributes to the acquired imatinib resistance in chronic myelogenous leukemia cell K562. 
Biochem Biophys Res Commun 425(2):368–373  

    Liu N, Zhou C, Zhao J, Chen Y (2012c) Reversal of paclitaxel resistance in epithelial ovarian 
carcinoma cells by a MUC1 aptamer-let-7i chimera. Cancer Invest 30(8):577–582  

    Liu S, Tetzlaff MT, Cui R, Xu X (2012d) miR-200c inhibits melanoma progression and drug 
resistance through down-regulation of BMI-1. Am J Pathol 181(5):1823–1835  

    Liu Y, Xing R, Zhang X, Dong W, Zhang J, Yan Z et al (2013a) miR-375 targets the p53 gene to 
regulate cellular response to ionizing radiation and etoposide in gastric cancer cells. DNA 
Repair 12(9):741–750  

      Liu Z, Liu H, Desai S, Schmitt DC, Zhou M, Khong HT et al (2013b) miR-125b functions as a 
key mediator for snail-induced stem cell propagation and chemoresistance. J Biol Chem 
288(6):4334–4345  

    Liu ZL, Wang H, Liu J, Wang ZX (2013c) MicroRNA-21 (miR-21) expression promotes growth, 
metastasis, and chemo- or radioresistance in non-small cell lung cancer cells by targeting 
PTEN. Mol Cell Biochem 372(1–2):35–45  

       Lopes-Rodrigues V, Seca H, Sousa D, Sousa E, Lima RT, Vasconcelos MH (2013) The network 
of P-glycoprotein and microRNAs interactions. Int J Cancer. doi:  10.1002/ijc.28500    . 
[Epub ahead of print]  

    Lv K, Liu L, Wang L, Yu J, Liu X, Cheng Y et al (2012) Lin28 mediates paclitaxel resistance by 
modulating p21, Rb and Let-7a miRNA in breast cancer cells. PloS One 7(7):e40008  

    Lwin T, Lin J, Choi YS, Zhang X, Moscinski LC, Wright KL et al (2010) Follicular dendritic cell- 
dependent drug resistance of non-Hodgkin lymphoma involves cell adhesion-mediated Bim 
down-regulation through induction of microRNA-181a. Blood 116(24):5228–5236  

    Ma K, He Y, Zhang H, Fei Q, Niu D, Wang D et al (2012) DNA methylation-regulated  miR-193a- 3p 
dictates resistance of hepatocellular carcinoma to 5-fl uorouracil via repression of SRSF2 
expression. J Biol Chem 287(8):5639–5649  

    Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou AY et al (2008) The epithelial- 
mesenchymal transition generates cells with properties of stem cells. Cell 133(4):704–715  

    Mencia N, Selga E, Noe V, Ciudad CJ (2011) Underexpression of miR-224 in methotrexate resis-
tant human colon cancer cells. Biochem Pharm 82(11):1572–1582  

H. Seca et al.

http://dx.doi.org/10.1002/ijc.28500


287

      Meng F, Henson R, Lang M, Wehbe H, Maheshwari S, Mendell JT et al (2006) Involvement of 
human micro-RNA in growth and response to chemotherapy in human cholangiocarcinoma 
cell lines. Gastroenterology 130(7):2113–2129  

      Miller TE, Ghoshal K, Ramaswamy B, Roy S, Datta J, Shapiro CL et al (2008) MicroRNA-221/222 
confers tamoxifen resistance in breast cancer by targeting p27Kip1. J Biol Chem 
283(44):29897–29903  

     Mishra PJ, Humeniuk R, Longo-Sorbello GS, Banerjee D, Bertino JR (2007) A miR-24 microRNA 
binding-site polymorphism in dihydrofolate reductase gene leads to methotrexate resistance. 
Proc Natl Acad Sci U S A 104(33):13513–13518  

     Mishra PJ, Banerjee D, Bertino JR (2008) MiRSNPs or MiR-polymorphisms, new players in 
microRNA mediated regulation of the cell: introducing microRNA pharmacogenomics. Cell 
Cycle 7(7):853–858  

    Mishra PJ, Song B, Wang Y, Humeniuk R, Banerjee D, Merlino G et al (2009) MiR-24 tumor sup-
pressor activity is regulated independent of p53 and through a target site polymorphism. PloS 
One 4(12):e8445  

    Mitamura T, Watari H, Wang L, Kanno H, Hassan MK, Miyazaki M et al (2013) Downregulation 
of miRNA-31 induces taxane resistance in ovarian cancer cells through increase of receptor 
tyrosine kinase MET. Oncogenesis 2:e40  

    Mohri T, Nakajima M, Fukami T, Takamiya M, Aoki Y, Yokoi T (2010) Human CYP2E1 is regu-
lated by miR-378. Biochem Pharmacol 79(7):1045–1052  

    Moskwa P, Buffa FM, Pan Y, Panchakshari R, Gottipati P, Muschel RJ et al (2011) miR-182- 
mediated downregulation of BRCA1 impacts DNA repair and sensitivity to PARP inhibitors. 
Mol Cell 41(2):210–220  

    Muralidharan-Chari V, Clancy JW, Sedgwick A, D’Souza-Schorey C (2010) Microvesicles: mediators 
of extracellular communication during cancer progression. J Cell Sci 123(Pt 10):1603–1611  

    Murray GI, Taylor MC, McFadyen MC, McKay JA, Greenlee WF, Burke MD et al (1997) Tumor- 
specifi c expression of cytochrome P450 CYP1B1. Cancer Res 57(14):3026–3031  

    Nagaraja AK, Creighton CJ, Yu Z, Zhu H, Gunaratne PH, Reid JG et al (2010) A link between 
mir-100 and FRAP1/mTOR in clear cell ovarian cancer. Mol Endocrinol 24(2):447–463  

    Nakatani F, Ferracin M, Manara MC, Ventura S, Del Monaco V, Ferrari S et al (2012) miR-34a 
predicts survival of Ewing’s sarcoma patients and directly infl uences cell chemo-sensitivity 
and malignancy. J Pathol 226(5):796–805  

    Nasser MW, Datta J, Nuovo G, Kutay H, Motiwala T, Majumder S et al (2008) Down-regulation 
of micro-RNA-1 (miR-1) in lung cancer. Suppression of tumorigenic property of lung cancer 
cells and their sensitization to doxorubicin-induced apoptosis by miR-1. J Biol Chem 
283(48):33394–33405  

     Nishida N, Yamashita S, Mimori K, Sudo T, Tanaka F, Shibata K et al (2012) MicroRNA-10b is a 
prognostic indicator in colorectal cancer and confers resistance to the chemotherapeutic agent 
5-fl uorouracil in colorectal cancer cells. Ann Surg Oncol 19(9):3065–3071  

    Pan YZ, Gao W, Yu AM (2009a) MicroRNAs regulate CYP3A4 expression via direct and indirect 
targeting. Drug Metab Dispos 37(10):2112–2117  

     Pan YZ, Morris ME, Yu AM (2009b) MicroRNA-328 negatively regulates the expression of breast 
cancer resistance protein (BCRP/ABCG2) in human cancer cells. Mol Pharmacol 75(6):
1374–1379  

     Petrocca F, Visone R, Onelli MR, Shah MH, Nicoloso MS, de Martino I et al (2008) E2F1- 
regulated microRNAs impair TGFbeta-dependent cell-cycle arrest and apoptosis in gastric 
 cancer. Cancer Cell 13(3):272–286  

     Pogribny IP, Filkowski JN, Tryndyak VP, Golubov A, Shpyleva SI, Kovalchuk O (2010) Alterations 
of microRNAs and their targets are associated with acquired resistance of MCF-7 breast cancer 
cells to cisplatin. Int J Cancer (Journal International du Cancer) 127(8):1785–1794  

    Pothof J, Verkaik NS, van IJcken W, Wiemer EA, Ta VT, van der Horst GT et al (2009) MicroRNA- 
mediated gene silencing modulates the UV-induced DNA-damage response. EMBO J 
28(14):2090–2099  

11 MicroRNAs in Cancer Drug Resistance and Drug Sensitivity



288

    Pu J, Bai D, Yang X, Lu X, Xu L, Lu J (2012) Adrenaline promotes cell proliferation and increases 
chemoresistance in colon cancer HT29 cells through induction of miR-155. Biochem Biophys 
Res Commun 428(2):210–215  

    Puhr M, Hoefer J, Schafer G, Erb HH, Oh SJ, Klocker H et al (2012) Epithelial-to-mesenchymal 
transition leads to docetaxel resistance in prostate cancer and is mediated by reduced expres-
sion of miR-200c and miR-205. Am J Pathol 181(6):2188–2201  

    Qian X, Yu J, Yin Y, He J, Wang L, Li Q et al (2013) MicroRNA-143 inhibits tumor growth and 
angiogenesis and sensitizes chemosensitivity to oxaliplatin in colorectal cancers. Cell Cycle 
12(9):1385–1394  

    Qu J, Zhao L, Zhang P, Wang J, Xu N, Mi W et al (2013) MicroRNA-195 chemosensitizes colon 
cancer cells to the chemotherapeutic drug doxorubicin by targeting the fi rst binding site of 
BCL2L2 mRNA. J Cell Physiol. doi:  10.1002/jcp.24366    . [Epub ahead of print]  

      Rao X, Di Leva G, Li M, Fang F, Devlin C, Hartman-Frey C et al (2011) MicroRNA-221/222 
confers breast cancer fulvestrant resistance by regulating multiple signaling pathways. 
Oncogene 30(9):1082–1097  

     Rao E, Jiang C, Ji M, Huang X, Iqbal J, Lenz G et al (2012) The miRNA-17 approximately 92 
cluster mediates chemoresistance and enhances tumor growth in mantle cell lymphoma via 
PI3K/AKT pathway activation. Leukemia 26(5):1064–1072  

    Razumilava N, Bronk SF, Smoot RL, Fingas CD, Werneburg NW, Roberts LR et al (2012) miR-25 
targets TNF-related apoptosis inducing ligand (TRAIL) death receptor-4 and promotes apopto-
sis resistance in cholangiocarcinoma. Hepatology 55(2):465–475  

     Rebucci M, Michiels C (2013) Molecular aspects of cancer cell resistance to chemotherapy. 
Biochem Pharmacol 85(9):1219–1226  

     Rokhlin OW, Scheinker VS, Taghiyev AF, Bumcrot D, Glover RA, Cohen MB (2008) MicroRNA-34 
mediates AR-dependent p53-induced apoptosis in prostate cancer. Cancer Biol Ther 7(8):
1288–1296  

     Romano G, Acunzo M, Garofalo M, Di Leva G, Cascione L, Zanca C et al (2012) MiR-494 is regu-
lated by ERK1/2 and modulates TRAIL-induced apoptosis in non-small-cell lung cancer 
through BIM down-regulation. Proc Natl Acad Sci U S A 109(41):16570–16575  

    Rossi L, Bonmassar E, Faraoni I (2007) Modifi cation of miR gene expression pattern in human 
colon cancer cells following exposure to 5-fl uorouracil in vitro. Pharmacol Res 56(3):
248–253  

    Ru P, Steele R, Hsueh EC, Ray RB (2011) Anti-miR-203 upregulates SOCS3 expression in breast 
cancer cells and enhances cisplatin chemosensitivity. Genes Cancer 2(7):720–727  

    Safaei R, Larson BJ, Cheng TC, Gibson MA, Otani S, Naerdemann W et al (2005) Abnormal 
lysosomal traffi cking and enhanced exosomal export of cisplatin in drug-resistant human ovar-
ian carcinoma cells. Mol Cancer Ther 4(10):1595–1604  

    Seca H, Lima RT, Lopes-Rodrigues V, Guimaraes JE, Almeida GM, Vasconcelos MH (2013) 
Targeting miR-21 induces autophagy and chemosensitivity of leukemia cells. Curr Drug 
Targets 14(10):1135–1143  

     Seike M, Goto A, Okano T, Bowman ED, Schetter AJ, Horikawa I et al (2009) MiR-21 is an 
EGFR-regulated anti-apoptotic factor in lung cancer in never-smokers. Proc Natl Acad Sci U S 
A 106(29):12085–12090  

    Sequist LV, Waltman BA, Dias-Santagata D, Digumarthy S, Turke AB, Fidias P et al (2011) 
Genotypic and histological evolution of lung cancers acquiring resistance to EGFR inhibitors. 
Sci Transl Med 3(75):75ra26  

    Shen Y, Wang P, Li Y, Ye F, Wang F, Wan X et al (2013) miR-375 is upregulated in acquired pacli-
taxel resistance in cervical cancer. Br J Cancer 109(1):92–99  

    Sheng J, Luo W, Yu F, Gao N, Hu B (2013) MicroRNA-376a sensitizes cells following DNA dam-
age by downregulating MEPE expression. Cancer Biother Radiopharm 28(7):523–529  

    Shi GH, Ye DW, Yao XD, Zhang SL, Dai B, Zhang HL et al (2010) Involvement of microRNA-21 
in mediating chemo-resistance to docetaxel in androgen-independent prostate cancer PC3 
cells. Acta Pharmacol Sin 31(7):867–873  

H. Seca et al.

http://dx.doi.org/10.1002/jcp.24366


289

    Shi W, Gerster K, Alajez NM, Tsang J, Waldron L, Pintilie M et al (2011) MicroRNA-301 
mediates proliferation and invasion in human breast cancer. Cancer Res 71(8):2926–2937  

    Shi L, Zhang S, Feng K, Wu F, Wan Y, Wang Z et al (2012a) MicroRNA-125b-2 confers human 
glioblastoma stem cells resistance to temozolomide through the mitochondrial pathway of 
apoptosis. Int J Oncol 40(1):119–129  

    Shi M, Du L, Liu D, Qian L, Hu M, Yu M et al (2012b) Glucocorticoid regulation of a novel HPV-
E6- p53-miR-145 pathway modulates invasion and therapy resistance of cervical cancer cells. J 
Pathol 228(2):148–157  

    Shi TY, Cheng X, Yu KD, Sun MH, Shao ZM, Wang MY et al (2013) Functional variants in 
TNFAIP8 associated with cervical cancer susceptibility and clinical outcomes. Carcinogenesis 
34(4):770–778  

     Shimizu S, Takehara T, Hikita H, Kodama T, Miyagi T, Hosui A et al (2010) The let-7 family of 
microRNAs inhibits Bcl-xL expression and potentiates sorafenib-induced apoptosis in human 
hepatocellular carcinoma. J Hepatol 52(5):698–704  

    Song B, Wang Y, Xi Y, Kudo K, Bruheim S, Botchkina GI et al (2009a) Mechanism of chemore-
sistance mediated by miR-140 in human osteosarcoma and colon cancer cells. Oncogene 
28(46):4065–4074  

    Song LB, Li J, Liao WT, Feng Y, Yu CP, Hu LJ et al (2009b) The polycomb group protein Bmi-1 
represses the tumor suppressor PTEN and induces epithelial-mesenchymal transition in human 
nasopharyngeal epithelial cells. J Clin Invest 119(12):3626–3636  

    Song B, Wang Y, Titmus MA, Botchkina G, Formentini A, Kornmann M et al (2010) Molecular 
mechanism of chemoresistance by miR-215 in osteosarcoma and colon cancer cells. Mol 
Cancer 9:96  

    Srivastava N, Manvati S, Srivastava A, Pal R, Kalaiarasan P, Chattopadhyay S et al (2011) miR-
24- 2 controls H2AFX expression regardless of gene copy number alteration and induces apop-
tosis by targeting antiapoptotic gene BCL-2: a potential for therapeutic intervention. Breast 
Cancer Res 13(2):R39  

    Stegmeier F, Warmuth M, Sellers WR, Dorsch M (2010) Targeted cancer therapies in the twenty- 
fi rst century: lessons from imatinib. Clin Pharmacol Ther 87(5):543–552  

     Su H, Yang JR, Xu T, Huang J, Xu L, Yuan Y et al (2009) MicroRNA-101, down-regulated in hepato-
cellular carcinoma, promotes apoptosis and suppresses tumorigenicity. Cancer Res 
69(3):1135–1142  

      Sun L, Yao Y, Liu B, Lin Z, Lin L, Yang M et al (2012) MiR-200b and miR-15b regulate 
chemotherapy- induced epithelial-mesenchymal transition in human tongue cancer cells by tar-
geting BMI1. Oncogene 31(4):432–445  

    Takagi S, Nakajima M, Mohri T, Yokoi T (2008) Post-transcriptional regulation of human preg-
nane X receptor by micro-RNA affects the expression of cytochrome P450 3A4. J Biol Chem 
283(15):9674–9680  

     Tao J, Lu Q, Wu D, Li P, Xu B, Qing W et al (2011) microRNA-21 modulates cell proliferation and 
sensitivity to doxorubicin in bladder cancer cells. Oncol Rep 25(6):1721–1729  

    Thiery JP, Sleeman JP (2006) Complex networks orchestrate epithelial-mesenchymal transitions. 
Nat Rev Mol Cell Biol 7(2):131–142  

    Thiery JP, Acloque H, Huang RY, Nieto MA (2009) Epithelial-mesenchymal transitions in devel-
opment and disease. Cell 139(5):871–890  

      To KK, Robey RW, Knutsen T, Zhan Z, Ried T, Bates SE (2009) Escape from hsa-miR-519c 
enables drug-resistant cells to maintain high expression of ABCG2. Mol Cancer Ther 
8(10):2959–2968  

     Tomimaru Y, Eguchi H, Nagano H, Wada H, Tomokuni A, Kobayashi S et al (2010) MicroRNA-21 
induces resistance to the anti-tumour effect of interferon-alpha/5-fl uorouracil in hepatocellular 
carcinoma cells. Br J Cancer 103(10):1617–1626  

    Toscano-Garibay JD, Aquino-Jarquin G (2012) Regulation exerted by miRNAs in the promoter 
and UTR sequences: MDR1/P-gp expression as a particular case. DNA Cell Biol 
31(8):1358–1364  

11 MicroRNAs in Cancer Drug Resistance and Drug Sensitivity



290

     Tryndyak VP, Beland FA, Pogribny IP (2010) E-cadherin transcriptional down-regulation by 
epigenetic and microRNA-200 family alterations is related to mesenchymal and drug-
resistant phenotypes in human breast cancer cells. Int J Cancer 126(11):2575–2583  

     Tsang WP, Kwok TT (2008) Let-7a microRNA suppresses therapeutics-induced cancer cell death 
by targeting caspase-3. Apoptosis 13(10):1215–1222  

    Tsuchiya Y, Nakajima M, Takagi S, Taniya T, Yokoi T (2006) MicroRNA regulates the expression 
of human cytochrome P450 1B1. Cancer Res 66(18):9090–9098  

      Ujifuku K, Mitsutake N, Takakura S, Matsuse M, Saenko V, Suzuki K et al (2010) miR-195, miR-
455- 3p and miR-10a(*) are implicated in acquired temozolomide resistance in glioblastoma 
multiforme cells. Cancer Lett 296(2):241–248  

      Valeri N, Gasparini P, Braconi C, Paone A, Lovat F, Fabbri M et al (2010) MicroRNA-21 induces 
resistance to 5-fl uorouracil by down-regulating human DNA MutS homolog 2 (hMSH2). Proc 
Natl Acad Sci U S A 107(49):21098–21103  

    van Jaarsveld MT, Helleman J, Boersma AW, van Kuijk PF, van Ijcken WF, Despierre E et al 
(2012) miR-141 regulates KEAP1 and modulates cisplatin sensitivity in ovarian cancer cells. 
Oncogene 32(36):4284–4293  

    Vazquez A, Bond EE, Levine AJ, Bond GL (2008) The genetics of the p53 pathway, apoptosis and 
cancer therapy. Nat Rev Drug Discov 7(12):979–987  

    Vermeulen L, De Sousa EMF, van der Heijden M, Cameron K, de Jong JH, Borovski T et al (2010) 
Wnt activity defi nes colon cancer stem cells and is regulated by the microenvironment. Nat 
Cell Biol 12(5):468–476  

      Vinall RL, Ripoll AZ, Wang S, Pan CX, deVere White RW (2012) MiR-34a chemosensitizes 
bladder cancer cells to cisplatin treatment regardless of p53-Rb pathway status. Int J Cancer 
130(11):2526–2538  

    Volinia S, Calin GA, Liu CG, Ambs S, Cimmino A, Petrocca F et al (2006) A microRNA expres-
sion signature of human solid tumors defi nes cancer gene targets. Proc Natl Acad Sci U S A 
103(7):2257–2261  

    Wang Q, Zhong M, Liu W, Li J, Huang J, Zheng L (2011a) Alterations of microRNAs in cisplatin- 
resistant human non-small cell lung cancer cells (A549/DDP). Exp Lung Res 37(7):427–434  

    Wang X, Li C, Ju S, Wang Y, Wang H, Zhong R (2011b) Myeloma cell adhesion to bone marrow 
stromal cells confers drug resistance by microRNA-21 up-regulation. Leuk Lymphoma 
52(10):1991–1998  

    Wang Y, Huang JW, Li M, Cavenee WK, Mitchell PS, Zhou X et al (2011c) MicroRNA-138 
modulates DNA damage response by repressing histone H2AX expression. Mol Cancer Res 
9(8):1100–1111  

     Wang ZX, Lu BB, Wang H, Cheng ZX, Yin YM (2011d) MicroRNA-21 modulates chemosensitiv-
ity of breast cancer cells to doxorubicin by targeting PTEN. Arch Med Res 42(4):281–290  

    Wang H, Tan G, Dong L, Cheng L, Li K, Wang Z et al (2012a) Circulating MiR-125b as a marker 
predicting chemoresistance in breast cancer. PloS One 7(4):e34210  

     Wang Y, Huang JW, Calses P, Kemp CJ, Taniguchi T (2012b) MiR-96 downregulates REV1 and 
RAD51 to promote cellular sensitivity to cisplatin and PARP inhibition. Cancer Res 
72(16):4037–4046  

    Wang YS, Wang YH, Xia HP, Zhou SW, Schmid-Bindert G, Zhou CC (2012c) MicroRNA-214 
regulates the acquired resistance to gefi tinib via the PTEN/AKT pathway in EGFR-mutant cell 
lines. Asian Pac J Cancer Prev 13(1):255–260  

     Wang F, Li T, Zhang B, Li H, Wu Q, Yang L et al (2013a) MicroRNA-19a/b regulates multidrug 
resistance in human gastric cancer cells by targeting PTEN. Biochem Biophys Res Commun 
434(3):688–694  

     Wang F, Liu M, Li X, Tang H (2013b) MiR-214 reduces cell survival and enhances cisplatin- 
induced cytotoxicity via down-regulation of Bcl2l2 in cervical cancer cells. FEBS Lett 
587(5):488–495  

     Ward A, Balwierz A, Zhang JD, Kublbeck M, Pawitan Y, Hielscher T et al (2013) Re-expression 
of microRNA-375 reverses both tamoxifen resistance and accompanying EMT-like properties 
in breast cancer. Oncogene 32(9):1173–1182  

H. Seca et al.



291

     Weeraratne SD, Amani V, Neiss A, Teider N, Scott DK, Pomeroy SL et al (2011) miR-34a confers 
chemosensitivity through modulation of MAGE-A and p53 in medulloblastoma. Neuro Oncol 
13(2):165–175  

    Wilting RH, Dannenberg JH (2012) Epigenetic mechanisms in tumorigenesis, tumor cell hetero-
geneity and drug resistance. Drug Resist Update 15(1–2):21–38  

    Wong MY, Yu Y, Walsh WR, Yang JL (2011) microRNA-34 family and treatment of cancers with 
mutant or wild-type p53 (Review). Int J Oncol 38(5):1189–1195  

    Wu Y, Xiao Y, Ding X, Zhuo Y, Ren P, Zhou C et al (2011) A miR-200b/200c/429-binding site 
polymorphism in the 3′ untranslated region of the AP-2alpha gene is associated with cisplatin 
resistance. PloS One 6(12):e29043  

    Wu CW, Dong YJ, Liang QY, He XQ, Ng SS, Chan FK et al (2013a) MicroRNA-18a attenuates 
DNA damage repair through suppressing the expression of ataxia telangiectasia mutated in 
colorectal cancer. PloS One 8(2):e57036  

    Wu H, Huang M, Lu M, Zhu W, Shu Y, Cao P et al (2013b) Regulation of microtubule-associated 
protein tau (MAPT) by miR-34c-5p determines the chemosensitivity of gastric cancer to pacli-
taxel. Cancer Chemother Pharmacol 71(5):1159–1171  

      Xia L, Zhang D, Du R, Pan Y, Zhao L, Sun S et al (2008) miR-15b and miR-16 modulate multidrug 
resistance by targeting BCL2 in human gastric cancer cells. Int J Cancer 123(2):372–379  

      Xia H, Ooi LL, Hui KM (2013) MicroRNA-216a/217-induced epithelial-mesenchymal transition 
targets PTEN and SMAD7 to promote drug resistance and recurrence of liver cancer. 
Hepatology 58(2):629–641  

     Xiang Q, Tang H, Yu J, Yin J, Yang X, Lei X (2013a) MicroRNA-98 sensitizes cisplatin-resistant 
human lung adenocarcinoma cells by up-regulation of HMGA2. Pharmazie 68(4):274–281  

    Xiang Y, Ma N, Wang D, Zhang Y, Zhou J, Wu G et al (2013b) MiR-152 and miR-185 co- contribute 
to ovarian cancer cells cisplatin sensitivity by targeting DNMT1 directly: a novel epigenetic 
therapy independent of decitabine. Oncogene. doi:  10.1038/onc.2012.575    . [Epub ahead of print]  

    Xie Y, Tobin LA, Camps J, Wangsa D, Yang J, Rao M et al (2013) MicroRNA-24 regulates XIAP 
to reduce the apoptosis threshold in cancer cells. Oncogene 32(19):2442–2451  

    Xu B, Niu X, Zhang X, Tao J, Wu D, Wang Z et al (2011a) miR-143 decreases prostate cancer cells 
proliferation and migration and enhances their sensitivity to docetaxel through suppression of 
KRAS. Mol Cell Biochem 350(1–2):207–213  

     Xu Y, Xia F, Ma L, Shan J, Shen J, Yang Z et al (2011b) MicroRNA-122 sensitizes HCC cancer 
cells to adriamycin and vincristine through modulating expression of MDR and inducing cell 
cycle arrest. Cancer Lett 310(2):160–169  

     Xu K, Liang X, Shen K, Cui D, Zheng Y, Xu J et al (2012a) miR-297 modulates multidrug resis-
tance in human colorectal carcinoma by down-regulating MRP-2. Biochem J 446(2):291–300  

     Xu K, Liang X, Shen K, Sun L, Cui D, Zhao Y et al (2012b) MiR-222 modulates multidrug 
resistance in human colorectal carcinoma by down-regulating ADAM-17. Exp Cell Res 
318(17):2168–2177  

    Xu N, Shen C, Luo Y, Xia L, Xue F, Xia Q et al (2012c) Upregulated miR-130a increases drug 
resistance by regulating RUNX3 and Wnt signaling in cisplatin-treated HCC cell. Biochem 
Biophys Res Commun 425(2):468–472  

     Xu N, Zhang J, Shen C, Luo Y, Xia L, Xue F et al (2012d) Cisplatin-induced downregulation of 
miR-199a-5p increases drug resistance by activating autophagy in HCC cell. Biochem Biophys 
Res Commun 423(4):826–831  

     Xu XT, Xu Q, Tong JL, Zhu MM, Nie F, Chen X et al (2012e) MicroRNA expression profi ling 
identifi es miR-328 regulates cancer stem cell-like SP cells in colorectal cancer. Br J Cancer 
106(7):1320–1330  

     Xu K, Liang X, Cui D, Wu Y, Shi W, Liu J (2013) miR-1915 inhibits Bcl-2 to modulate multidrug 
resistance by increasing drug-sensitivity in human colorectal carcinoma cells. Mol Carcinog 
52(1):70–78  

    Yamamoto Y, Yoshioka Y, Minoura K, Takahashi RU, Takeshita F, Taya T et al (2011) An integra-
tive genomic analysis revealed the relevance of microRNA and gene expression for drug- 
resistance in human breast cancer cells. Mol Cancer 10:135  

11 MicroRNAs in Cancer Drug Resistance and Drug Sensitivity

http://dx.doi.org/10.1038/onc.2012.575


292

    Yang H, Kong W, He L, Zhao JJ, O’Donnell JD, Wang J et al (2008a) MicroRNA expression 
profi ling in human ovarian cancer: miR-214 induces cell survival and cisplatin resistance by 
targeting PTEN. Cancer Res 68(2):425–433  

    Yang N, Kaur S, Volinia S, Greshock J, Lassus H, Hasegawa K et al (2008b) MicroRNA microar-
ray identifi es Let-7i as a novel biomarker and therapeutic target in human epithelial ovarian 
cancer. Cancer Res 68(24):10307–10314  

    Yang MH, Hsu DS, Wang HW, Wang HJ, Lan HY, Yang WH et al (2010) Bmi1 is essential in 
Twist1-induced epithelial-mesenchymal transition. Nat Cell Biol 12(10):982–992  

    Yang A, Ma J, Wu M, Qin W, Zhao B, Shi Y et al (2012a) Aberrant microRNA-182 expression is 
associated with glucocorticoid resistance in lymphoblastic malignancies. Leuk Lymphoma 
53(12):2465–2473  

    Yang C, Cai J, Wang Q, Tang H, Cao J, Wu L et al (2012b) Epigenetic silencing of miR-130b in 
ovarian cancer promotes the development of multidrug resistance by targeting colony- 
stimulating factor 1. Gynecol Oncol 124(2):325–334  

     Yang L, Li N, Wang H, Jia X, Wang X, Luo J (2012c) Altered microRNA expression in cisplatin- 
resistant ovarian cancer cells and upregulation of miR-130a associated with 
MDR1/P-glycoprotein-mediated drug resistance. Oncol Rep 28(2):592–600  

    Yang MY, Lin PM, Liu YC, Hsiao HH, Yang WC, Hsu JF et al (2012d) Induction of cellular senes-
cence by doxorubicin is associated with upregulated miR-375 and induction of autophagy in 
K562 cells. PloS One 7(5):e37205  

     Yang X, Yin J, Yu J, Xiang Q, Liu Y, Tang S et al (2012e) miRNA-195 sensitizes human hepatocel-
lular carcinoma cells to 5-FU by targeting BCL-w. Oncol Rep 27(1):250–257  

     Yang YP, Chien Y, Chiou GY, Cherng JY, Wang ML, Lo WL et al (2012f) Inhibition of cancer stem 
cell-like properties and reduced chemoradioresistance of glioblastoma using microRNA145 
with cationic polyurethane-short branch PEI. Biomaterials 33(5):1462–1476  

    Ye G, Fu G, Cui S, Zhao S, Bernaudo S, Bai Y et al (2011) MicroRNA 376c enhances ovarian 
cancer cell survival by targeting activin receptor-like kinase 7: implications for chemoresis-
tance. J Cell Sci 124(Pt 3):359–368  

       Yu ZW, Zhong LP, Ji T, Zhang P, Chen WT, Zhang CP (2010) MicroRNAs contribute to the che-
moresistance of cisplatin in tongue squamous cell carcinoma lines. Oral Oncol 46(4):317–322  

    Yu Y, Cao L, Yang L, Kang R, Lotze M, Tang D (2012a) microRNA 30A promotes autophagy in 
response to cancer therapy. Autophagy 8(5):853–855  

     Yu Y, Yang L, Zhao M, Zhu S, Kang R, Vernon P et al (2012b) Targeting microRNA-30a-mediated 
autophagy enhances imatinib activity against human chronic myeloid leukemia cells. Leukemia 
26(8):1752–1760  

    Zang YS, Zhong YF, Fang Z, Li B, An J (2012) MiR-155 inhibits the sensitivity of lung cancer cells 
to cisplatin via negative regulation of Apaf-1 expression. Cancer Gene Ther 19(11):773–778  

    Zannis-Hadjopoulos M, Yahyaoui W, Callejo M (2008) 14-3-3 cruciform-binding proteins as regu-
lators of eukaryotic DNA replication. Trends Biochem Sci 33(1):44–50  

     Zhang W, Dolan ME (2010) The emerging role of microRNAs in drug responses. Curr Opin Mol 
Ther 12(6):695–702  

    Zhang H, Li M, Han Y, Hong L, Gong T, Sun L et al (2010a) Down-regulation of miR-27a might 
reverse multidrug resistance of esophageal squamous cell carcinoma. Dig Dis Sci 55(9):
2545–2551  

    Zhang J, Zhang T, Ti X, Shi J, Wu C, Ren X et al (2010b) Curcumin promotes apoptosis in A549/
DDP multidrug-resistant human lung adenocarcinoma cells through an miRNA signaling path-
way. Biochem Biophys Res Commun 399(1):1–6  

    Zhang P, Wang H, Rowe PS, Hu B, Wang Y (2010c) MEPE/OF45 as a new target for sensitizing 
human tumour cells to DNA damage inducers. Br J Cancer 102(5):862–866  

     Zhang H, Luo XQ, Feng DD, Zhang XJ, Wu J, Zheng YS et al (2011a) Upregulation of microRNA- 
125b contributes to leukemogenesis and increases drug resistance in pediatric acute promyelo-
cytic leukemia. Mol Cancer 10:108  

H. Seca et al.



293

    Zhang W, Winder T, Ning Y, Pohl A, Yang D, Kahn M et al (2011b) A let-7 microRNA-binding 
site polymorphism in 3′-untranslated region of KRAS gene predicts response in wild-type 
KRAS patients with metastatic colorectal cancer treated with cetuximab monotherapy. Ann 
Oncol 22(1):104–109  

    Zhang X, Zhu J, Xing R, Tie Y, Fu H, Zheng X et al (2012) miR-513a-3p sensitizes human lung 
adenocarcinoma cells to chemotherapy by targeting GSTP1. Lung Cancer 77(3):488–494  

    Zhang JX, Qian D, Wang FW, Liao DZ, Wei JH, Tong ZT et al (2013) MicroRNA-29c enhances 
the sensitivities of human nasopharyngeal carcinoma to cisplatin-based chemotherapy and 
radiotherapy. Cancer Lett 329(1):91–98  

       Zhao JJ, Lin J, Yang H, Kong W, He L, Ma X et al (2008) MicroRNA-221/222 negatively regulates 
estrogen receptor alpha and is associated with tamoxifen resistance in breast cancer. J Biol 
Chem 283(45):31079–31086  

     Zhao X, Yang L, Hu J, Ruan J (2010) miR-138 might reverse multidrug resistance of leukemia 
cells. Leuk Res 34(8):1078–1082  

    Zhao X, Yang L, Hu J (2011a) Down-regulation of miR-27a might inhibit proliferation and drug 
resistance of gastric cancer cells. J Exp Clin Cancer Res 30:55  

     Zhao Y, Deng C, Lu W, Xiao J, Ma D, Guo M et al (2011b) let-7 microRNAs induce tamoxifen 
sensitivity by downregulation of estrogen receptor alpha signaling in breast cancer. Mol Med 
17(11–12):1233–1241  

      Zhong M, Ma X, Sun C, Chen L (2010) MicroRNAs reduce tumor growth and contribute to 
enhance cytotoxicity induced by gefi tinib in non-small cell lung cancer. Chem Biol Interact 
184(3):431–438  

     Zhou M, Liu Z, Zhao Y, Ding Y, Liu H, Xi Y et al (2010) MicroRNA-125b confers the resistance 
of breast cancer cells to paclitaxel through suppression of pro-apoptotic Bcl-2 antagonist killer 
1 (Bak1) expression. J Biol Chem 285(28):21496–21507  

     Zhou L, Qiu T, Xu J, Wang T, Wang J, Zhou X et al (2013) miR-135a/b modulate cisplatin resis-
tance of human lung cancer cell line by targeting MCL1. Pathol Oncol Res 19(4):677–683  

       Zhu H, Wu H, Liu X, Evans BR, Medina DJ, Liu CG et al (2008) Role of MicroRNA miR-27a and 
miR-451 in the regulation of MDR1/P-glycoprotein expression in human cancer cells. Biochem 
Pharmacol 76(5):582–588  

    Zhu H, Wu H, Liu X, Li B, Chen Y, Ren X et al (2009) Regulation of autophagy by a beclin 
1- targeted microRNA, miR-30a, in cancer cells. Autophagy 5(6):816–823  

     Zhu W, Shan X, Wang T, Shu Y, Liu P (2010) miR-181b modulates multidrug resistance by target-
ing BCL2 in human cancer cell lines. Int J Cancer 127(11):2520–2529  

    Zhu Y, Yu F, Jiao Y, Feng J, Tang W, Yao H et al (2011) Reduced miR-128 in breast tumor- 
initiating cells induces chemotherapeutic resistance via Bmi-1 and ABCC5. Clin Cancer Res 
17(22):7105–7115  

        Zhu W, Xu H, Zhu D, Zhi H, Wang T, Wang J et al (2012a) miR-200bc/429 cluster modulates 
multidrug resistance of human cancer cell lines by targeting BCL2 and XIAP. Cancer 
Chemother Pharmacol 69(3):723–731  

     Zhu W, Zhu D, Lu S, Wang T, Wang J, Jiang B et al (2012b) miR-497 modulates multidrug resis-
tance of human cancer cell lines by targeting BCL2. Med Oncol 29(1):384–391  

    Zhu X, Li H, Long L, Hui L, Chen H, Wang X et al (2012c) miR-126 enhances the sensitivity of 
non-small cell lung cancer cells to anticancer agents by targeting vascular endothelial growth 
factor A. Acta Biochim Biophys Sin 44(6):519–526  

    Ziliak D, Gamazon ER, Lacroix B, Kyung Im H, Wen Y, Huang RS (2012) Genetic variation that 
predicts platinum sensitivity reveals the role of miR-193b* in chemotherapeutic susceptibility. 
Mol Cancer Ther 11(9):2054–2061  

     Zou Z, Wu L, Ding H, Wang Y, Zhang Y, Chen X et al (2012) MicroRNA-30a sensitizes tumor cells 
to cis-platinum via suppressing beclin 1-mediated autophagy. J Biol Chem 287(6):4148–4156    

11 MicroRNAs in Cancer Drug Resistance and Drug Sensitivity



295S. Babashah (ed.), MicroRNAs: Key Regulators of Oncogenesis, 
DOI 10.1007/978-3-319-03725-7_12, © Springer International Publishing Switzerland 2014

    Chapter 12   
 The Biological Roles of MicroRNAs 
in Cancer Stem Cells 

             Bin     Bao    ,     Asfar     S.     Azmi    ,     Aamir     Ahmad    ,     Yiwei     Li    ,     Sanjeev     Banerjee    , 
    Dejuan     Kong    ,     Shadan     Ali    , and     Fazlul     H.     Sarkar    

        B.   Bao •       A.  S.   Azmi •       A.   Ahmad •       Y.   Li •       S.   Banerjee •       D.   Kong    
  Department of Pathology, Karmanos Cancer Institute ,  Wayne State University , 
  Detroit ,  MI ,  USA     

    S.   Ali    
  Department of Oncology, Karmanos Cancer Institute ,  Wayne State University , 
  Detroit ,  MI ,  USA     

    F.  H.   Sarkar(*)     
  Department of Pathology, Karmanos Cancer Institute ,  Wayne State University , 
  Detroit ,  MI ,  USA    

  Department of Oncology, Karmanos Cancer Institute ,  Wayne State University , 
  Detroit ,  MI ,  USA   
 e-mail: fsarkar@med.wayne.edu  

Contents

1  Introduction ........................................................................................................................  296
2  The Concept of Cancer Stem Cell .....................................................................................  297
3  The Clinical Implications of Cancer Stem Cells in Tumors ..............................................  298
4  The Role of Cancer Stem Cells in Treatment Resistance ..................................................  298
5  The Contribution of Cancer Stem Cells in Tumor 

Aggressive Phenotypes In Vitro and In Vivo ......................................................................  299
6  The Role of MicroRNAs in the Regulation 

of Cancer Stem Cell Characteristics ..................................................................................  300
6.1  Let-7 ..........................................................................................................................  301
6.2  MiR-21 ......................................................................................................................  302
6.3  MiR-22 ......................................................................................................................  303
6.4  MiR-26a ....................................................................................................................  303
6.5  MiR-30 ......................................................................................................................  304
6.6  MiR-34a ....................................................................................................................  304
6.7  MiR-101 ....................................................................................................................  305
6.8  MiR-128 ....................................................................................................................  306
6.9  MiR-145 ....................................................................................................................  307



296

    Abstract     The concept of cancer stem cells (CSCs) has great clinical implications 
because small sub-populations of CSCs have been identifi ed in many different 
tumors that are associated with poor clinical outcome. Suffi cient evidence supports 
central functions of CSCs in tumorigenesis, due to its distinct high potentials of 
self-renewal, pluripotent differentiation and apoptosis-resistance, contributing to 
tumor aggressiveness. Therefore, inhibiting/eliminating CSCs will provide a new 
effective therapeutic approach for the treatment of aggressive tumors. However, the 
mechanistic roles of CSCs in tumorigenesis are not well understood. MicroRNAs 
(miRNAs) have been discovered to act as key regulators of gene expression in 
tumorigenesis. Aberrant expression of miRNAs has been discovered to be related to 
worse clinical outcome of many different tumors. Evidence shows that these tumor- 
related miRNAs have key functions in the regulation of cell cycle/proliferation, 
migration/invasion, chemo-radiation resistance, and metastasis. Moreover, miRNAs 
may also exert important functions in modulating CSC characteristics; however, its 
detailed mechanism(s) has not been fully elucidated. Here, we will summarize the 
potential role of CSC-related miRNAs in CSC function, and will further defi ne the 
role of genistein in targeting these CSC-related miRNAs.  

  Keywords     MicroRNA   •   Cancer stem cells   •   Therapeutic resistance   •   Genistein  

1         Introduction 

 The past decade witnessed signifi cant efforts in the areas of cancer stem cells 
(CSCs) research in the fi eld of cancer. The CSCs documents distinct properties 
such as greater self-renewal capacity, prolonging life-span, un-limited cell differ-
entiation of multiple cell lineages and proliferation of daughter tumor cells, all of 
which can contribute to tumor aggressiveness such as therapeutic resistance, tumor 
recurrence, and metastasis. This strongly suggests that CSCs exhibits critical 
functional role in the development of cancer and tumor progression. Therefore, 
targeting molecular signatures of CSCs is believed to be a new and effective thera-
peutic approach for the treatment and/or prevention of tumor aggressiveness, which 
would likely lead to a better clinical prognosis of cancer patients. However, the 
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molecular pathogenesis of CSCs and its signaling networks are still in its infancy. 
Here, we will summarize the potential function of microRNAs (miRNAs) as 
endogenous mediators of gene  transcription in the regulation of CSC characteristics 
during tumor development and progression. We will also summarize the potential 
role of genistein, a natural agent rich in soy-based food, in targeting CSC-related 
miRNAs in cancers.  

2     The Concept of Cancer Stem Cell 

 Although the concept of CSCs or tumor initiating cells (TICs) as special small 
 sub- populations of tumor cells contributing to the initiation and development of cancer 
has been proposed more than a decade, it still in its infancy. Signifi cant progress in 
the concept and molecular biology of CSC has not been elucidated until the small 
sub- population of CSCs was fi rst isolated and characterized from acute myeloid 
leukemia (AML) patients in 1997 (Bonnet and Dick  1997 ). Since then, these small 
sub-populations of CSCs have been identifi ed and substantially characterized from a 
variety of different malignant diseases such as breast, gastric, prostate, pancreatic, 
lung, colon, and brain tumors as well as leukemia and melanoma. Similar to normal 
stem cells, for example, embryonic and adult stem cells, CSCs share common fea-
tures such as dormancy, long life-span, self-renewal capacity, and the potential of its 
differentiation into multiple cell lineages, contributing to tumor development and 
progression. It has been believed that normal stem cells such as mesenchymal stem 
cells are able of reprogramming into CSC cells because of the aberrations of certain 
micro-environments such as hypoxia, chronic infl ammation, and defective DNA 
repair systems in the body, leading to tumorigenesis (Bao et al.  2012b ). 

 CSCs has been identifi ed to account for a very small percentage (0.05–1 %) of 
tumor cells in a tumor tissue, or in a tumor micro-environment, and have the 
greatest ability of self-renewal and the highest potential of unlimited differentiation 
capacity into heterogeneous tumor cell populations, consistent with  over-expression 
of stem cell genes, leading to tumor development and progression (Hermann et al. 
 2010 ; Ischenko et al.  2010 ; Lee et al.  2008 ; Sarkar et al.  2009 ; Yu et al.  2012 ). 
The concept of CSCs has great clinical implications because the small 
 sub-populations of CSCs have been identifi ed in a lot of different tumor tissues 
and highly associated with poorer clinical outcome such as short disease-free 
survival time, increased tumor recurrent rate, and remarkable resistance to 
chemo-radiation therapy (Creighton et al.  2010 ; Hermann et al.  2010 ; Lee et al. 
 2008 ; Ischenko et al.  2010 ). This concept also provides a reasonable explana-
tion for clinical observations of why tumor shrinkage alone may not be connected 
to the disease-free survival rate of cancer patients (Creighton et al.  2010 ), 
which is due in part to the presence of these small sub-populations of CSCs 
after conventional treatment. It has been noted from experimental studies that 
inhibition of CSC characteristics results in the suppression of tumor development 
and  progression. These fi ndings support that CSC exhibits a critical functional role 
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in therapeutic resistance, tumor recurrence/relapse and metastasis after conventional 
therapy. Therefore, inhibition or elimination of CSCs would likely become a new 
and targeted therapeutic approach for the treatment of tumor aggressiveness.  

3     The Clinical Implications of Cancer Stem Cells in Tumors 

 Over the past decade, great numbers of clinical reports have been documented 
 elucidating the role of small sub-populations of CSCs in the involvement of chemo- 
radiation therapy resistance and tumor metastasis, eventually leading to poorer 
clinical outcome of patients diagnosed with different malignant diseases such as 
breast, lung, prostate, pancreatic, liver, colon, gastric, and brain tumors. For exam-
ple, one early clinical study indicates that the over-expression of CSC surface 
marker CD133 in colorectal cancer patients are highly associated with poorer 
overall survival rate (Kojima et al.  2008 ). A recent clinical report indicates that 
CD44+/CD24− CSC ratio in breast tumor tissues collected from 1,350 of patients 
who had breast cancer, accompanied by histological grades, molecular types, and 
clinical stages is independent factors of clinical outcomes in breast cancer patients, 
and it was signifi cantly associated with tumor aggressive phenotypes including 
estrogen receptor, progesterone receptor, and Ki67, a known proliferation index 
(Liu et al.  2012 ). Moreover, the sub-populations of CD44+/CD24− CSC cells are 
highly related to a 5-year disease-free survival rate of breast cancer. The breast 
cancer patients who had high values of CD44+/CD24− CSC ratio have poor clinical 
outcome such as higher distant tumor recurrence rate (Liu et al.  2012 ), consistent 
with the fi ndings from other investigators (Lee et al.  2011 ). These data strongly 
suggest an important implication of CSC sub-populations in tumor development 
and progression.  

4     The Role of Cancer Stem Cells in Treatment Resistance 

 The contribution of small subpopulations of CSCs in tumor tissues has been 
 associated with poorer clinical outcome in different tumors and the presence of 
CSCs appears to be associated with treatment resistance, which in part due to its 
intrinsic properties such as self-renewal capacity, dormancy, and DNA damage 
repair mechanism. Clinical data have revealed that the sub-populations of CSCs 
identifi ed by either CD44+/CD24− or ALDH1+ markers are signifi cantly increased 
in breast cancer patients after chemotherapy. The patients with increased sub-
populations of CD44+/CD24− CSCs after chemotherapy have the high values of 
ki67 proliferation index in post-chemotherapy tumor tissues. The patients with 
increased sub- populations of ALDH1-positive CSCs after chemotherapy are 
also associated with estrogen receptor negativity and p53 over-expression in the 
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post-chemotherapy tumor samples. Furthermore, the patients with such an increased 
CSC sub- population after chemotherapy has shown to have a signifi cantly poor 
clinical outcome such as shorter disease-free survival period (Lee et al.  2011 ). 
The clinical data also documented the identifi cation of small sub-populations of 
CD133-positive CSCs in tumor tissues of pancreatic cancer patients having high 
potential of tumorigenesis and chemotherapy resistance. Inhibitions of these CSC 
sub-populations decreased metastasis of pancreatic tumors without alternation of its 
potential of tumorigenesis (Hermann et al.  2007 ). Similarly, the sub-populations of 
CSCs in human colon tumors have also been identifi ed which attributed to increased 
resistance to cancer drugs (Dylla et al.  2008 ; Todaro et al.  2007 ). These data clearly 
support that these CSC sub-populations are strongly associated with the resistance 
to chemotherapy and tumor metastasis, contributing to poorer clinic outcome of 
cancer patients. 

 In addition, the sub-populations of CSCs also render tumors the resistance to 
radiation therapy, potentially through preferential activation of DNA damage 
repair system, leading to poorer clinical outcome. An early study revealed that the 
sub- populations of CSC-like (CD133+) cells in glioma are enhanced after radiation 
exposure in human patient (Bao et al.  2006 ). One experimental report showed that 
the CSC-like cells of glioma are signifi cantly resistant to radiation exposure, 
compared to non-CSC-like (CD133−) tumor cells of glioma, which was consistent 
with increased activation of radiation-induced DNA damage repair systems in 
CSC-like cells (Bao et al  2006 ). A recent study confi rms that the sub-populations of 
CSCs are more radiation-resistant than normal stem cells, potentially due to increased 
expression of nicotinamide N-methyltransferase (NNMT, which participates in the 
modulation of DNA repair mechanisms) and it is associated with radiation-resistant 
marker such as poly (ADP-ribose) polymerase 1 (PARP1), a DNA single strand 
repair protein, which is considered as a radiation-resistant marker (D’Andrea 
et al.  2011 ; D’Andrea  2012 ). Moreover, radiation has been documented to induce 
“stemness” by enhancement of the CSC self-renewal capacity and the expression 
of CSC signature genes such as Sox2 and Oct3/4 in liver cancer cells (Ghisolfi  
et al.  2012 ). These fi ndings strongly support the critical role of CSCs in regulating 
radiation resistance, leading to tumor aggressive phenotype.  

5     The Contribution of Cancer Stem Cells in Tumor 
Aggressive Phenotypes  In Vitro  and  In Vivo  

 Although the molecular pathogenesis of CSCs in tumor biology has not been fully 
elucidated, it is clear though that CSCs possess more aggressive behavior such as 
pluripotent differentiation, unlimited proliferation, higher angionenic potential, 
higher migration/invasion potential, and preferential resistance to malicious 
micro- environments such as conventional therapeutics, low O2, infl ammation, and 
radiation exposure. 
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 Great numbers of  in vitro  and  in vivo  studies have provided solid evidence in 
support of the critical role of CSCs in tumor development and progression. In 1997, 
Dick and his group fi rst identifi ed and characterized the small sub-populations 
of CD34+/CD38− CSCs isolated from the bone marrow of AML patients by 
flow cytometry-based technique (Bonnet and Dick  1997 ; Bhatia et al.  1997 ). 
The injections of 5,000 of these leukemic CSCs showing high self-renewal capacity 
produced human leukemia in immunological defective mice (Bonnet and Dick  1997 ). 
Another early experimental study revealed that the transplantation of as few as 2,000 
CSC- like (CD133+) cells of hepatocellular carcinoma SMMC-7721 cells generates 
tumor formation in SCID mice. However, transplantation of the same numbers of 
non-CSC- like (CD133−) tumor cells fails to generate tumor formation in SCID mice. 
These CSC-like cells also displayed higher clonogenic potential (Yin et al.  2007 ). 
Similar fi ndings have been reported in many other different tumors by many 
investigators (Al-Hajj et al.  2003 ; Klonisch et al.  2008 ; Patrawala et al.  2005 ). 

 Our published and unpublished data show that cancer cell sphere-enriched or 
CD44+/CD133+/EpCAM+ sorted CSC-like cells of pancreatic cancer MiaPaCa-2 
cells exhibit a signifi cantly increased potentials of cell growth, clonogenicity, 
migration, and sphere formation, along with increased expression of CSC-related 
molecular signatures. These cells also show a greater potential of tumor formation 
in a tumor xenograft model by the transplantation of as few as 5,000 sphere-enriched 
or CSC triple positive (CD44+/CD133+/EpCAM+) cells of MiaPaCa-2 cells, com-
pared with the injection of 10 6 –10 7  of its parental cells within the same time period. 
These fi ndings clearly suggest that such sub-populations of CSC cells display 
greater tumor-forming ability. Several animal experimental reports revealed that the 
sub-populations of CSCs also contribute to resistance to conventional chemo-
therapeutic drugs and radiation exposure, potentially due to preferential activation 
of DNA damage repair systems, leading to an increased DNA repair capacity 
(Dylla et al.  2008 ; Hermann et al.  2007 ; Shafee et al.  2008 ), suggesting a very 
important role of CSCs in treatment resistance. Therefore, targeting these CSCs 
would likely provide an effective newer therapeutic strategy for the successful treatment 
of cancer patients.  

6     The Role of MicroRNAs in the Regulation 
of Cancer Stem Cell Characteristics 

 The discovery of microRNAs (miRNAs), a large family of non-protein-coding RNA 
molecules, has provided a newer perspective on cancer research. It has been 
identifi ed that miRNAs could function as potent endogenous mediators of post- 
transcriptional regulators of gene transcription by its site-specifi c binding in the 
3′ un-translated region (3′-UTR) of its target genes, leading to either mRNA degra-
dation or protein synthesis inhibition (Garzon et al.  2007 ; Liu and Tang  2011 ). 
Currently, more than 2,000 miRNAs have been discovered in humans and animals 
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to participate in the regulation of at least 1/3 of genes, which are the regulators of 
many different biological processes including cell cycle/proliferation, differentia-
tion, cell survival/apoptosis, and metabolism (DeSano and Xu  2009 ; Perera and 
Ray  2007 ; Babashah and Soleimani  2011 ). Clinically, aberrant expression of 
miRNAs has been discovered to be highly related to poorer clinical outcome, 
treatment resistance, and tumor recurrence/relapse. Sufficient evidence has 
suggested that miRNAs exert important functions in tumor development and 
progression. More importantly, miRNAs have been recognized as potential 
mediators of CSC characteristics mediated through the modulation of multiple 
pro-oncogenic signaling pathways, contributing to tumor aggressive phenotypes. 
In the following paragraphs, we will discuss some well-characterized tumor-related 
miRNAs, which are intertwined with the regulation of CSC characteristics and 
tumor aggressive phenotypes. 

6.1     Let-7 

 Suffi cient numbers of clinical and experimental studies have provided clear evi-
dence to support that let-7 seems to exert an important function in tumor develop-
ment and progression by regulating several pro-oncogenic signaling networks. The 
aberrant expressions of let-7 family are found to be highly related to poorer clinical 
outcome such as short 5 year disease-free survival and high tumor recurrence rate. 
Let-7 has also been considered as a potential tumor suppressor molecule. It was 
noted that the expression of let-7a, b, and c served as negative mediators of impor-
tant cellular characteristics of epithelial-to-mesenchymal transition (EMT) pheno-
type of cancer cells, a biological process that is believed to be reminiscent of CSCs, 
leading to treatment resistance, tumor recurrence/relapse and metastasis, which is in 
part mediated through the regulation in the expression of the modulation of phos-
phatase and tensin homolog deleted on chromosome 10 (PTEN), a well- established 
tumor suppressor that suppresses the activation of Akt/mTOR signaling network, 
and the regulation of stem cell signature gene Lin-28 which control cell differentia-
tion and dormancy of CSCs, as documented in several different tumors including 
breast, lung, pancreatic, colon and prostate cancer cells (Kong et al.  2010 ; Chang 
et al.  2011a ; Li et al.  2009 ; Peter  2009 ; McCarty  2012 ). It has been observed that the 
level of let-7 is remarkably decreased in embryonic stem cells and in CSCs of sev-
eral different tumor cells (Golestaneh et al  2012 ; Yu et al.  2007 ; Zhong et al.  2010 ), 
and is inversely related to the expression of Lin-28, a known stem cell signature 
gene. The data further revealed that let-7 expression is bi-directionally repressed by 
Lin-28 (Zhong et al.  2010 ), consistent with other fi ndings in which let-7 target 
several pro-oncogenic genes including Lin-28 (De et al.  2011 ; Hua et al.  2012 ; 
Li et al.  2012 ; Huang  2012 ). It has also been noted that over-expression of let-7a 
by its mimics in breast CSCs results in the suppression of cell proliferation, CSC 
self- renewal capacity, tumor formation ability, and metastasis in mouse xenograft 
tumor model, which was in agreement with the reduction of the populations of 
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undifferentiated tumor cells  in vitro  (Yu et al.  2007 ). Moreover, our recent report 
demonstrates that let-7 inhibits the expression of enhancer of zeste homolog 2 
(EZH2), a key epigenetic mediator of gene expression which shows important func-
tions in embryonic and adult stem cells to regulate the expression of the genes that 
are preferentially and selectively activated during development and differentiation 
(Kong et al.  2012b ). EZH2 is believed to be a potential mediator for maintaining the 
CSC characteristics through the regulation of multiple pro-oncogenic signaling 
pathways (Chang and Hung  2012 ; Chou et al.  2011 ; Crea et al.  2012 ). Therefore, 
let-7 appears to exhibit an important role in the modulation of CSC characteristics 
by targeting multiple cell signaling pathways.  

6.2     MiR-21 

 MiR-21 is one of the most studied miRNAs and is shown to be a potential pro- 
oncogenic molecule, which is in part due to deregulation of multiple signaling path-
ways. Many clinical reports revealed higher expression of miR-21 in many different 
tumors including pancreatic, gastric, prostate, colon, liver, breast and brain tumors, 
and was found to be highly related to worse clinical outcome of patients (Dillhoff 
et al.  2008 ; Moriyama et al.  2009 ). Our recent data revealed that higher levels of 
miR-21 expression are related to lower levels of PTEN expression in pancreatic 
cancer cells and its drug-resistant isogenic cells (Ali et al.  2010 ; Bao et al.  2012d ). 
Furthermore, miR-21 has been identifi ed to suppress the expression of PTEN in 
liver cancer cells, consistent with the promotion of tumor growth and progression 
by the up-regulation of Akt/ERK signaling networks (Bao et al.  2013 ). It has also 
been known that miR-21 has pro-oncogenic properties through attenuation of cell 
death and enrichment of cell growth, migration, invasion, angiogenesis, and metas-
tasis (Moriyama et al.  2009 ; Olson et al.  2009 ; Zhang et al.  2007 ,  2009 ). Moreover, 
increased numbers of experimental studies have shown that the levels of miR-21 are 
remarkably increased in CSCs, compared to non-CSC tumor cells (Golestaneh et al. 
 2012 ; Han et al.  2012 ). The functional gain of miR-21 by transfection of its mimics 
can prolong the hypoxia-mediated survival of the mesenchymal stem cells of bone 
marrow. The functional loss of miR-21 by its inhibitor induces apoptosis of these 
stem cells (Nie et al.  2011 ). In addition, the loss of miR-21 by its antisense inhibitor 
has also shown to enrich the cell differentiation, and attenuate the sphere formation 
of drug-resistant colon cancer cells, which is in direct agreement with the inhibition 
of CD44 (a CSC cell surface marker) and TCF/LEF, a positive mediator of CSC 
characteristics (Yu et al.  2013b ) Our recent data shows that the loss of miR-21 by 
transfection of its inhibitor decreased CSC self-renewal capacity, which is in direct 
agreement with the inhibition in the expression of CSC cell surface markers such as 
CD44 and EpCAM in CSC-like sphere cells of prostate and pancreatic cancers 
under hypoxia (Bao et al.  2012a ,  c ). These fi ndings strongly suggest that miR-21 
exhibit key role in the regulation of CSC characteristics mediated through the 
regulation of multiple signaling pathways.  
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6.3     MiR-22 

 Increased numbers of clinical and experimental studies have provided convincing 
evidence in support of the notion that miR-22 may have an important function 
during tumor development and progression in a cell-context manner. It was noted 
that the expression of miR-22 is remarkably increased in human senescent fi bro-
blasts and in epithelial cells, but its expression is signifi cantly reduced in many 
different tumors such as colon, liver, ovarian, colon, gastric, prostate, and breast 
tumor cells (Li et al.  2010a ,  2011a ; Tsuchiya et al.  2011 ; Zhang et al.  2010 ; Pandey 
and Picard  2009 ; Xiong et al.  2010 ). Reduced levels of miR-22 in liver tumor patients 
have been identifi ed to be highly associated with poorer clinical outcome such as 
shorter disease-free survival and increased tumor recurrence rate (Zhang et al.  2010 ). 
Forced over-expression of miR-22 by its mimics results in the suppression of cell 
proliferation, migration, invasion, and metastasis in several different tumor 
cells mediated through activation of PTEN, p21, and p53 (Li et al.  2010a ,  2011a ; 
Tsuchiya et al.  2011 ; Zhang et al.  2010 ), which imply that miR-22 may function as 
a tumor suppressor molecule. It has been found that the expression of miR-22 is 
lost during the induction of TGF-β-mediated EMT phenotype in colon cancer 
HT-29 cells (Cai et al.  2013 ), implying a potential function of miR-22 in the regu-
lation of EMT phenotype. It has also been noted that miR-22 can regulate hypoxia 
signaling pathway by targeting HIF-1α, a potential regulator of CSC characteristics 
(Yamakuchi et al.  2011 ); however, the detailed functional role of miR-22 in the 
regulation of CSC characteristic is still not clear, suggesting that more investigations 
are required for molecular characterization of the biological function of miR-22 in 
the regulation of CSCs.  

6.4     MiR-26a 

 Emerging evidence from clinical and experimental studies clearly suggests a 
 potential function of miR-26a as a suppressor which is mediated through targeting 
 multiple signaling pathways such as IL-6/STAT, Myc, and MCL-1. Loss or reduced 
expression of miR-26a has been documented in a lot of different tumors including 
bladder, pancreatic, prostate, gastric, and breast cancers as well as melanoma and 
nasopharyngeal carcinoma, and it has been found to be associated with poorer 
clinical outcome (Lu et al.  2012 ; Pang et al.  2010 ). Several recent reports have 
suggested that miR-26a can modulate cancer epigenome through repression in 
the expression of EZH2, a potential positive mediator of CSC characteristics 
(Banerjee et al.  2011 ; Bracken et al.  2003 ; Chen et al.  2010 ; Friedman et al.  2009 ; 
Fujii et al.  2008 ; Lu et al.  2011 ). 

 Over-expression of miR-26a through transfection of mimics in tumor cells can 
decrease the expression of EZH2, attributing to the attenuation of tumor invasion 
and metastasis (Banerjee et al.  2011 ; Friedman et al.  2009 ; Lu et al.  2011 ). Therefore, 
targeting of miR-26a expression provides a new therapeutic approach for the 
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 treatment of aggressive tumors. Our recent report showed that functional gain of 
miR- 26a expression by transfection of its mimics results in the inhibition of the 
expression of CSC markers such as EZH2, Oct4, Notch-1, and EpCAM in pancreatic 
cancer cells (Bao et al.  2012e ), which strongly suggest that miR-26a plays key roles 
in maintaining CSC characteristic through regulation of CSC signature genes.  

6.5     MiR-30 

 The evidence from limited numbers of experimental studies suggests that miR-30 
appears to exert an important function in the modulation of CSC characteristics, and 
other tumor aggressive phenotypes. The miR-30 has been considered to act as a 
potential suppressor of tumorigenesis by regulating several signaling networks such 
as EGF and EMT during the tumor development and progression (Kao et al.  2013 ). 
It has been observed that the expression of miR-30 is lost during TGF-β-mediated 
acquisition of EMT phenotype of colon cancer HT-29 cells (Cai et al.  2013 ). 
The miR-30 expression is inversely connected with the expression of Lin-28 during 
differentiation and proliferation of embryonic stem cells, and CSC-like cells 
(Zhong et al.  2010 ). The levels of miR-30 are signifi cantly suppressed in Lin-28+ 
tumor (CSC-like) cells, compared to Lin-28− tumor (non-CSC-like) cells (Zhong 
et al.  2010 ). Forced over-expression of miR-30 by transfection of its mimics in 
breast CSC-like cells inhibits CSC self-renewal capacity, and increases cell death 
by  targeting Ubc9 and ITGB3, respectively. The blockage of miR-30 by its anti-sense 
inhibitor revived the self-renewal capacity of CSCs (Yu et al.  2010 ). The over- 
expression of miR-30 in CSCs inhibits the growth of xenograft tumor  in vivo  and 
also lung metastasis  in vivo . In contrast, the blockage of miR-30 by its anti-sense 
inhibitor promotes tumorigenesis and lung metastasis  in vivo  (Yu et al.  2010 ). These 
fi ndings clearly imply that miR-30 appears to exert a key function in the regulation 
of CSC characteristics and other tumor aggressive phenotypes. Its detailed role in 
tumorigenesis would likely be further investigated in the future.  

6.6     MiR-34a 

 Emerging evidence from clinical and experimental studies has shown that miR-34a 
functions as a potential suppressor of tumorigenesis by targeting multiple pro- 
oncogenic signaling pathways. The miR-34a expression has been identifi ed to be 
lost or attenuated in many different tumors such as prostate cancer, breast cancer, 
lung cancer, gastric cancer, oral squamous cell carcinoma, colon cancer and pancreatic 
cancer. Such an aberrant expression of miR-34a is highly connected with worse 
clinical outcome of cancer patients (Kent et al.  2009 ; Kong et al.  2012a ), suggesting 
that the expression of miR-34a plays a key role in tumor development and progression. 
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The loss of miR-34a expression in tumors has been identifi ed to be related to DNA 
methylation of the promoter/enhancer region of the miR-34a gene (Kent et al.  2009 ; 
Kong et al.  2012a ). It is clear that miR-34a exerts anti-tumor activity in both cell 
culture system and in animal models through repression of cell growth, proliferation, 
migration, invasion, and metastasis, which are in part due to activation of p53 
and inactivation of Cyclin D1, E2F1/2, and CDK6 in tumors (Aranha et al.  2011 ; 
Guo et al.  2011 ; Lodygin et al.  2008 ; Sun et al.  2008 ; Wang et al.  2011 ). Moreover, 
several recent experimental reports have shown that miR-34a can inhibit the 
expression of CSC signature genes such as CD44, CD133, and Notch-1, which is 
in direct agreement with the inhibition of the CSC self-renewal capacity of 
different tumor cells (Chang et al.  2011b ; Kong et al.  2012a ; Liu and Tang  2011 ; 
Nalls et al.  2011 ). 

 It has also been observed that the functional gain of miR-34a by transfection of 
mimics could inhibit EMT phenotype mediated through the inhibition of ZEB1, 
Snail and Slug, known mesenchymal markers of EMT phenotype (Siemens et al. 
 2011 ). Additionally, it has been shown that miR-34a and Snail could generate a 
 bi- directionally negative feedback loop to regulate EMT characteristics (Siemens 
et al.  2011 ). Moreover, p53 over-expression has been found to increase the expres-
sion of miR-34a, suggesting that miR-34a may be a downstream target of p53, 
which activates the miR-34a expression (Chang et al.  2007 ). One recent experimental 
report has shown that the functional gain of expression of miR-34a in CSC-like 
cells of pancreatic cancer inhibits cell proliferation, migration/invasion, and the self-
renewal capacity, which is in direct agreement with the up-regulation in the 
expression of p53, p21, and p27 (Nalls et al.  2011 ). Our unpublished data showed 
that over- expression of miR-34a by transfection of its mimics inhibits cell growth, 
migration, and the formation of pancreatospheres, which was consistent with the 
down- regulation in the expression of CSC cell surface marker proteins CD44 and 
EpCAM in the CSC-like sphere-forming cells of pancreatic cancer. These fi ndings 
clearly suggest that miR-34a plays a key role as a potential suppressor of tumori-
genesis mediated through the inhibition of CSC characteristics.  

6.7     MiR-101 

 Increased numbers of clinical and experimental studies have demonstrated that 
miR-101 appears to function as a suppressor of tumorigenesis mediated through the 
regulation of multiple signaling pathways. The loss of expression or decreased 
expression of miR-101 has been found in many different tumors including lung, 
prostate, bladder, breast, colon, pancreatic, and liver cancers, and was found to be 
related to poorer clinical outcome of cancer patients (Lu et al.  2012 ; Pang et al. 
 2010 ). The functional gain of miR-101 is shown to inhibit cell growth, migration/
invasion, and  in vivo  tumor growth by targeting several signaling pathways such as 
c-Met and COX2 (Hu et al.  2013 ; Hao et al.  2011 ; He et al.  2012 ; Zhang et al.  2013 ). 
Several  in vitro  and  in vivo  study reports have provided clear evidence in support 
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of the anti-tumor function of miR-101 in different tumors, which is in art mediated 
through the deregulation of CSC characteristics by negatively targeting EZH2 
(Bao et al.  2012d ; Sparmann and van  2006 ), an epigenetic mediator of gene expression 
(Chang and Hung  2012 ). The inhibition of miR-101 by transfection of its anti-sense 
inhibitor caused up-regulation in the expression of EZH2 and Wnt/β-catenin 
signaling pathways, which was consistent with the up-regulation of CSC self-
renewal capacity and down-regulation of E-cadherin, an epithelial marker of EMT 
phenotype, leading to tumor aggressive phenotype (Strillacci et al.  2013 ; Bao et al. 
 2012e ; Cao et al.  2010 ; Cho et al.  2011 ; Sakurai et al.  2012 ; Semaan et al.  2011 ; 
Zhang et al.  2011 ). 

 Our recent report revealed that the functional gain of miR-101 expression leads 
to the down-regulation of EZH2, which is in direct agreement with the attenuation 
of CSC self-renewal capacity of human pancreatic cancer cells and its sphere 
forming (CSC-like) cells (Bao et al.  2012d ), consistent with the similar results 
reported by other authors (Alajez et al.  2010 ; Au et al.  2012 ; Smits et al.  2010 ; 
Zhang et al.  2011 ). These fi ndings strongly suggest a pivotal function of miR-101 in 
the modulation of CSC characteristics. However, the detailed mechanistic role of 
miR-101 as a potential suppressor of tumorigenesis mediated through the modulation 
of CSC phenotype and function requires further in-depth examination.  

6.8     MiR-128 

 Emerging evidence suggest that miR-128 appears to exert a very important function 
in the modulation of CSC and tumor aggressive phenotypes within the tumor micro- 
environment. The clinical data have shown that aberrant expression of miR-128 is 
related to worse clinical outcome such as decreased disease-free survival and 
increased tumor recurrence rate in many different tumors including breast cancer 
and prostate cancer (Zhu et al.  2011 ). Several experimental studies have shown that 
the functional loss of expression of miR-128 by its oligonucleotide inhibitor or 
siRNA increased cell proliferation and invasion in different tumor cells. Forced 
over-expression of miR-128 was able to reverse tumor aggressive phenotypes of 
different tumor cells such as breast cancer and prostate cancer (Peruzzi et al.  2013 ). 
Furthermore, accumulated evidence suggests that miR-128 serves as a potential 
tumor suppressor by targeting several oncogenic signaling networks such as Bmil, 
SUZ12, and ABCC5, and mitogenic kinases (Godlewski et al.  2008 ; Peruzzi et al. 
 2013 ; Zhu et al.  2011 ). 

 Recently, the miR-128 expression has been found to be signifi cantly down- 
regulated in stem cells including CSC-like cells. Forced over-expression of 
 miR- 128 resulted in the inhibition of CSC self-renewal capacity, which was in 
direct agreement with the inactivation of Bmil, a major epigenetic mediator which 
positively control CSC characteristics in CSC-like cells of human gliomas 
(Godlewski et al.  2008 ). It has also been noted that miR-128 can induce apoptosis 
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by targeting Bax, a known apoptotic mediator in human embryonic kidney cells. 
Additionally, the expression of miR-128 has been shown to be remarkably 
decreased in drug- resistant CSC-like cells of breast cancer and breast tumor tissues 
(Zhu et al.  2011 ). Moreover, low levels of miR-128 in tumor tissues are related to 
resistance to chemotherapy, which was associated with poor clinical outcome. 
These data obtained to- date clearly imply the potential role of miR-128 in the 
regulation of CSC characteristics.  

6.9     MiR-145 

 The miR-145 clearly participates in the modulation of CSC and EMT characteristics 
during tumor development and progression. Increased numbers of clinical and 
experimental studies have provided convincing evidence showing that miR-145 acts 
as a potential tumor suppressor molecule in a variety of tumors including prostate, 
breast, and colon cancers. Loss of miR-145 expression or lower levels of miR-145 
expression has been identifi ed to be highly connected with poor clinical outcome 
such as decreased disease-free survival and increased incidence of tumor recurrence 
in several different tumors including head and neck, pancreatic, prostate and bladder 
cancers (Avgeris et al.  2013 ; Yoshino et al.  2013 ; Yu et al.  2013a ), suggesting the 
potential function of miR-145 in tumor development and progression. 

 The expression of miR-145 has been shown to have anti-tumor activity in many 
different tumor cells by targeting Myc, IRS-1, CDK6, catenin-δ-1 (Shao et al. 
 2013 ; Yin et al.  2013 ; Takaoka et al.  2012 ; Yamada et al.  2013 ). One recent experi-
mental study has revealed that p53, a known tumor suppressor, inhibits EMT phe-
notype and CSC characteristics including colony formation, sphere formation, 
and CSC signature genes (CD44, Myc, and Klf4) in prostate cancer PC3 cells 
through modulation of miR-145 (Ren et al.  2013 ). Moreover, miR-145 has been 
shown to directly suppress the expressions of Oct4, Sox9/ADAM17 (a known 
positive mediator of tumor metastasis) in different tumors such as renal cell can-
cer, and head and neck cancer (Doberstein et al.  2013 ; Yu et al.  2013a ). Over-
expression of miR-145 by transfection of its mimics resulted in the suppression of 
cell migration, invasion, and CSC characteristics which was in part mediated by 
targeting Sox9 in melanoma cells (Dynoodt et al.  2013 ). It has also been noted 
that the expression of miR-145 was down-regulated in CSC-like (ALDH1+/
CD44+) cells of human head and neck cancer in the comparison to the non-CSC-
like (ALDH1−/CD44−) tumor cells. The functional gain of miR-145 expression 
by infection of cells with lentiviral-miR-145 inhibited tumor progression in mouse 
tumor xenografts model derived from CSC- like cells of human head and neck 
cancer (Yu et al.  2013a ). These results strongly support that miR-145 elicits an 
important function in the regulation of CSC characteristics and tumor aggressive 
phenotypes by targeting multiple pro-oncogenic  signaling networks including 
CSC signature genes.  
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6.10     MiR-146a 

 The loss of expression or reduced expression of miR-146a has been found to be 
 correlated with worse clinical outcome of different tumors (Li et al.  2010b ; Pang 
et al.  2010 ). The data from many experimental studies indicate that miR-146a may 
function as a potent tumor suppressor molecule via the inhibition of cell cycle, 
migration, invasiveness and metastasis ability of many different tumors including 
pancreatic, breast, liver, gastric, colon, and prostate tumors by regulating multiple 
signaling networks such as NF-κB, K-ras, and Notch-1 (Ali et al.  2011 ; Li et al. 
 2010b ; Mei et al.  2011 ). It has been noted that miR-146a inhibits the activation of 
NF-κB, leading to the suppression of gene expression of NF-κB-mediated 
interleukin-1β (IL-1β), IL-6, IL-8, and TNF-α by down-regulation of IL-1 receptor 
associated kinase 1 (IRAK1) and TNF receptor associated factor 6 (TRAF6) 
(Bhaumik et al.  2008 ). It has been documented that the activation of NF-κB signal-
ing pathway is engaged in the enhancement of CSC characteristics by the regulation 
of CSC signature genes such as Nanog, Sox2, and Lin-28 (Liu et al.  2010 ). Our 
recent report confi rms that the expression of miR-146a is down-regulated in pancre-
atic cancer cells and K-ras-transgenic mice of pancreatic cancer (Ali et al.  2011 ; 
Li et al.  2010b ). Forced over-expression of miR-146a resulted in the inhibition of 
EGFR and NF-κB activity, leading to the suppression of NF-κB-mediated targets, 
accompanied by the inhibition of tumor cell invasive potential (Li et al.  2010b ), 
which suggest that miR-146a may function as a tumor suppressor in part mediated 
by targeting NF-κB signaling pathway. 

 Several experimental studies have shown that miR-146a appears to have a key 
role in maintaining the hemostasis of normal stem cells such as embryonic, mesen-
chymal, and hematopoietic stem cells. Moreover, miR-146a appears to inhibit the 
development of glioma by down-regulation of Notch-1 (Mei et al.  2011 ). However, 
one recent study showed high expression levels of miR-146a in CD133+ sphere 
forming cells of ovarian cancer (Nam et al.  2012 ). These fi ndings suggest that 
miR- 146a might have an important role in regulating CSC phenotype and function; 
 however, the detailed mechanistic studies are required delineating the precise role 
of miR-146a in human tumors.  

6.11     MiR-200 

 A great number of clinical and experimental reports have provided clear evidence 
in favor of the role of miR-200 in human tumor development and progression. 
Aberrant expression of miR-200 have been documented in many different tumors, 
and it is highly related to poorer clinical outcome such as decreased disease-free 
survival and increased incidence of tumor recurrence associated with increased 
therapeutic resistance in many different tumors including breast, prostate, gastric, 
pancreatic, colon, lung, liver, and brain tumors. Currently, miR-200 has been widely 
considered to function as potential tumor suppressor molecule, which is in part 
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mediated through the inhibition of EMT phenotype by primarily targeting ZEB1/2, 
a well- known marker of EMT phenotype. Early experimental studies have reported 
that miR-200b, c are able to bind to the 3′UTR of ZEB1/2 genes, attributing to the 
 inhibition in the expression of these genes (Brabletz and Brabletz  2010 ). 

 Our recent reports have shown that drug-resistant human pancreatic cancer 
cells have decreased expression of miR-200a,b,c, and display more mesenchymal 
phenotype consistent with EMT characteristics, compared to its drug-sensitive tumor 
cells (Ali et al.  2010 ). Forced over-expression of miR-200a,b,c by transfection of its 
mimics in these drug-resistant tumor cells or PDGF-D-induced EMT phenotypic 
prostate cancer PC3 cells inhibited the expression of ZEB1, ZEB2, Slug, which was 
consistent with the up-regulation in the expression of E-cadherin, an epithelial 
marker (Ali et al.  2010 ; Kong et al.  2009 ). These results are in direct agreement with 
results published by other investigators (Peter  2009 ; Kent et al.  2009 ; Li et al.  2009 ). 
Additionally miR-200 has been shown to decrease the expression of Bmil, Suz12, 
and Notch-1, well-established mediators of CSC and EMT characteristics in many 
different tumor cells, which is in direct agreement with the inhibition of CSC self- 
renewal capacity (Bao et al.  2011b ; Iliopoulos et al.  2010 ; Leal and Lleonart  2012 ). 
Importantly, lower levels of miR-200a, b, and c expression have been identifi ed in 
CSC-like (CD44+/CD24−) cells of breast cancer (Shimono et al.  2009 ). Our unpub-
lished data from micro-array analysis reveals that CD44+/CD133+/EpCAM+ CSC 
cells of pancreatic cancer exhibit deregulations in the expression of miR-200 
family members. These data clearly suggest that miR-200 may exert an important 
function in the regulation of CSCs characteristics potentially by regulating multiple 
signaling networks.  

6.12     MiR-210 

 A great number of clinical and experimental reports have produced solid evidence in 
favor of the fact that miR-210 may play a key function in tumor development and 
progression. High levels of miRN-210 expression has been found in serum/plasma 
and tumor tissues and it was correlated with poor clinical outcome in many different 
tumors including breast, prostate, pancreatic tumors as well as, lymphoma (Huang 
et al.  2009 ; Ivan et al.  2008 ). It has been shown that miR-210 functions as a hypoxia- 
responsive molecule in many different cells including tumor cells (Camps et al. 
 2008 ; Chan and Loscalzo  2010 ; Devlin et al.  2011 ; Favaro et al.  2010 ; Gee et al.  2010 ; 
Hebert et al.  2007 ; Ho et al.  2010 ; Kulshreshtha et al.  2007 ; Puissegur et al.  2011 ; 
Quero et al.  2011 ), and it can up-regulate VEGF expression in pancreatic tumor 
cells in HIF-1α-control manner. The expression of miR-210 has also been found to 
participate in the modulation of DNA-defective repair system by targeting the gene 
expression of RAD52, an important mediator of repair machinery. Over- expression 
of miR-210 by transfection of its mimics resulted in defective DNA repair, leading to 
genetic instability (Crosby et al.  2009 ), implying a critical function of miR-210 in 
the homeostasis of DNA repair systems in tumors. Our unpublished data reveals 
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that CD44+/CD133+/EpCAM+ MiaPaCa-2 cells of human pancreatic cancer are 
characteristic of CSCs with greater self-renewal capacity,  clonogenicity, and 
migration/invasion, consistent with higher expression of CSC markers. We found 
that these CSC cells have increased levels of miR-210, compared to CD44-/CD133-/
EpCAM- MiaPaCa-2 cells, suggesting that miR-210 might exert a pivotal functional 
role in the regulation of CSC characteristics leading to tumor aggressiveness.  

6.13     MiR-335 

 Increased numbers of clinical and experimental reports have clearly shown that 
miR-335 exhibits a key role in tumor development and progression. For example, a 
recent report has demonstrated that lower level of miR-335 is associated with poor 
clinical outcome such as advanced clinical stage, increased metastasis, higher 
 frequency of recurrence and poor disease-free survival in different tumors including 
breast, gastric and prostate cancers (Tavazoie et al.  2008 ; Xiong et al.  2013 ; Xu et al. 
 2012 ). The expression of miR-335 has been found to be serve as a prognostic marker/
signature in several tumors including gastric cancer and prostate cancer, and has been 
considered as a potential tumor suppressor molecule in prostate cancer (Xiong et al. 
 2013 ; Xu et al.  2012 ; Yan et al.  2012 ). The signaling pathway analysis reveals that 
miR-335 may participate in the modulation of different target genes such as several 
pro-oncogenic signaling networks including p53, MAPK, TGF-β, Wnt, Rb, and mTOR 
(Yan et al.  2012 ), leading to the inhibition of tumor cell aggressiveness. However, 
limited number of experimental studies suggest that miR-335 promotes tumor cell 
growth in certain types of tumors, supporting that the regulatory function of miR-335 
in tumorigenesis may be tumor site-specifi c. Our unpublished data reveals that 
CSC-like cells sorted from pancreatic cancer MiaPaCa-2 cells have increased levels 
of miR-335, in comparison to its MiaPaCa-2 parental cells or non-CSC tumor cells, 
implying a potential role of miR-335 in regulating CSC characteristics during tumor 
development and progression. However, further mechanistic investigations are 
required to clarify the functional role of miR-335 in the regulation of CSCs.  

6.14     MiR-451 

 A signifi cant number of clinical and experimental studies have provided clear 
evidence showing that miR-451 may exert a key functional role in the regulation of 
tumor development and progression. Low levels of miR-451 expression have been 
identifi ed in different tumors such as bladder cancer, lung cancer, urothelial carci-
noma, gliomas, and renal cell carcinoma (Redova et al.  2012 ; Solomides et al.  2012 ; 
Xie et al.  2012 ; Tian et al.  2012 ). The functional gain of miR-451 by transfection of 
its mimics causes suppression of cell survival, proliferation and migration, consistent 
with inhibition in the expression of Akt and Bcl-2 in esophageal carcinoma cells. 
Injection of miR-451 inhibits tumor growth in tumor xenograft model of human 
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esophageal carcinoma (Wang et al.  2013 ). It has also been found that miR- 451 
displays an anti-tumor function in cell culture and mouse xenograft tumor models, 
consistent with inhibition of PI3K/Akt pathway targeting calcium binding protein 39 
(CAB39) in glioma (Tian et al.  2012 ). Therefore, miR-451 has been recognized as 
potential tumor suppressor (Li et al.  2011b ). 

 One recent experimental study has shown that the expression of miR-451 was 
signifi cantly decreased in CSC-like sphere cells of colon cancer, in comparison to 
its parental cells (Bitarte et al.  2011 ). The functional gain of miR-451 resulted in 
the suppression of CSC self-renewal ability, tumorigenicity and chemo-radiation 
resistance in the CSC sphere cells, which is in direct agreement with the attenuation 
of COX2 by miR-451 (Bitarte et al.  2011 ). Notch-1, a known mediator of CSC and 
EMT characteristics, has been shown to be decreased in the expression of miR-451, 
which can directly suppress the expression of Myc. Moreover, the suppression 
of miR-451 expression by Notch-1 is required for oncogenesis in ALL (acute 
lymphoblastic leukemia) (Li et al.  2011b ). Such fi ndings clearly imply that miR-451 
appears to have a key function in the modulation of CSC characteristics during 
tumor development and progression.   

7     The Role of Genistein as an Anti-tumor Agent 
by Targeting Tumor-Related microRNAs 

 It has been well known that genistein is one the major class of isofl avones primarily 
existed in the Leguminosae family of plants such as soybean. Genistein has a simi-
lar structure like estrogen, displaying a weak estrogenic activity by its binding to 
estrogen receptor, thereby inhibiting estrogen receptor signaling pathway. Therefore, 
genistein has also been known as phytoestrogen. The epidemiological and clinical 
reports have clearly shown that genistein could exert an anti-tumor activity in 
prostate cancer in Japan and USA (Adlercreutz et al.  1991 ,  1993 ; Hebert et al.  1998 ; 
Jacobsen et al.  1998 ). 

 A great number of experimental reports including reports from our group 
have demonstrated that genistein displays potent anti-tumor activity via 
 down-regulation of several pro-oncogenic signaling networks including NF-κB, 
Wnt, FoxM1, Notch- 1, and Akt/mTOR in many different tumors (Kuang et al.  2009 ; 
Sarkar and Li  2009 ; Sarkar et al.  2010 ; Su et al.  2007 ; Wang et al.  2008 ; Su and 
Simmen  2009 ; Wagner and Lehmann  2006 ). Our recent reports also showed that 
genistein can up- regulate let-7, miR-26a, miR-101, miR-146a, and miR-200, and 
down-regulate miR-21, CSC cell surface markers (CD44 and EpCAM), and CSC 
self-renewal capacity in pancreatic cancer cells, and its CSC-like sphere forming 
cells, which is consistent with its anti-tumor activity against pancreatic tumor in 
mouse xenograft models (Bao et al.  2011a ,  b ; Li et al.  2009 ). The above fi ndings 
clearly imply that genistein appears to be a potential anti-tumor agent, which may 
be partially mediated through deregulation of CSC-related miRNAs that may be 
critical during tumor development and progression.  

12 The Biological Roles of MicroRNAs in Cancer Stem Cells



312

8     Conclusions and Perspectives 

 We made efforts to summarize the “state-of-our-knowledge” on the potential roles 
of tumor-related miRNAs in the regulation of CSC characteristics and other 
aggressive tumor phenotypes during tumor development and progression. In sum-
mary, a great amount of persuasive evidence clearly supports that a small sub-
population of CSCs have a great clinical implications in tumor progression 
because the presence of CSCs in tumor tissues is highly associated with poorer 
clinical outcomes. The poor clinical outcome is in part associated with distinct 
properties of CSCs including their ability of self-renewal, potential of differentiation 
into multiple cell lineages and unlimited proliferation capacity, consistent with 
high propensity of tumorigenesis  in vivo , and acquisition of treatment resistance 
phenotype and tumor metastasis, contributing to tumor aggressiveness. Eradication 
or inhibition of these small sub-populations of cells has been designated as a new 
and effective therapeutic approach for the treatment of aggressive tumors although 
the pathogenesis of CSCs in cancer biology is still not completely understood. 
Emerging evidence clearly support that tumor-related miRNAs appears to have a 
very important role in the modulation of CSC phenotype and function during 
tumor development and progression. However, more investigations are required 
to ascertain detailed role of these tumor-related miRNAs in the regulation of CSC 
characteristics.     
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    Abstract     MicroRNAs (miRNAs) are 18–25 nucleotides long, non-coding RNA 
molecules that regulate gene expression at the posttranscriptional level. Due to their 
fundamental roles in development and differentiation, corruption of their expression 
can lead to the development of disease. In fact, numerous studies have revealed 
that miRNAs play important regulatory roles in virtually every cancer type studied 
so far. In this book chapter, I review the current literature to pinpoint the role of 
miRNAs and their clinical implications in cancer. After presenting some examples 
to illustrate the roles of miRNAs in several types of cancer, I discuss miRNAs as 
potential cancer biomarkers for diagnosis, prognosis and therapy and also explain 
their advantages and limitations. I describe what is currently known about the use of 
miRNAs as potential predictors of therapeutic outcome and discuss the potential 
of integrating miRNA data into clinical trials and if and how miRNA could be 
implemented into “personalized medicine” approaches. Finally, I outline the perspectives 
and challenges of miRNAs and their clinical implications in cancer and discuss 
criteria that must be fulfi lled before miRNAs can be used as reliable tools in diagnostic, 
prognostic and therapeutic settings.  

  Keywords     MicroRNA   •   Cancer   •   Biomarker   •   Prognosis   •   Diagnosis   •   Therapy  

1         The Potential Roles of MicroRNAs in Cancer 

 The high conservation of microRNA (miRNA) genes, their expression in every tissue 
and cell type in multicellular eukaryotes as well as their demonstrated involvement 
in fundamental processes like cellular proliferation, programmed cell death, 
differentiation, cell motility and invasiveness early suggested their important roles 
in diseases and cancers [reviewed in Esquela-Kerscher and Slack ( 2006 )]. In fact, 
numerous associations of miRNAs with virtually all cancer types have meanwhile 
been demonstrated. The potential relevance of miRNAs in cancer and their clinical 
implications will be addressed in the following chapters for some of the most 
widespread cancer types, where miRNAs have not only shed light on the molecular 
biology of the respective cancer type, but also promise to improve cancer diagnosis, 
prognosis, and treatment. 

1.1     Breast Cancer 

 The oldest description of breast cancer (BC) dates back to an approximately 
5,000-year-old papyrus inscription discovered in Egypt (“The History of Cancer”, 
American Cancer society). Although, of course, diagnosis and treatment options for 
BC have strongly improved from back then, BC still remains the most frequent 
cancer among American women, with an estimated 232,000 new cases diagnosed 
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and about 40,000 predicted deaths in 2013, according to data of the American 
Cancer Society (  http://www.cancer.org    ). Early BC detection, as with many cancers, 
is important and is still inadequate. Invasive procedures like tissue biopsies for 
histological examination are still the methods of choice for determining diagnosis 
and prognosis of BC. 

 The breast is made up of glandular, fi brous, and adipose tissue. Most commonly, 
BC originates from the inner lining of the milk ducts (ductal carcinomas) or the 
lobules supplying the ducts with milk (lobular carcinomas). In the mammary gland, 
multipotent epithelial stem cells and progenitors are thought to generate and 
maintain both myo-epithelial and luminal epithelial lineages. What makes BC a 
complicated disease to understand and to control is its’ complex development. 
Deregulation can already take place in mammary stem cells, leading to the 
development of BC stem cells or metastatic cancer stem cells. In its’ fi nal form, 
therapy-resistant cancer stem cells can arise. 

 Many different  in vivo  and  in vitro  models to study BC development exist. It is 
therefore not surprising that using these models, several conducted miRNA profi ling 
studies reported the involvement of a multitude of miRNAs during steps of cancer 
initiation, metastasis and therapy resistance (Sempere et al.  2007 ; Lowery et al.  2009 ; 
Van der Auwera et al.  2010 ; Janssen et al.  2010 ; Radojicic et al.  2011 ; Sieuwerts 
et al.  2011 ; Farazi et al.  2011 ; Rothé et al.  2011 ; Tjensvoll et al.  2012 ; Schrauder 
et al.  2012 ; Guo et al.  2013 ). Although evidently every model has its’ limitations, 
the following three exemplary studies have helped to advance our understanding 
of BC at the molecular level and to increase our understanding of the biology of 
this disease. The fi nal goal must be to identify BC biomarkers that contribute to 
more favorable patient outcomes by helping in early diagnosis, the determination 
of prognosis and possibly the prediction of treatment response, ideally also in 
patient subgroups. 

 The study of Iorio and colleagues in the year 2005 was one of the fi rst researches 
to investigate different miRNA expression between normal breast- and tumor tissue 
(Iorio et al.  2005 ). They used miRNA microarray profi ling to analyze 76 BC and 10 
normal breast samples and identifi ed in total 29 miRNAs whose expression was 
signifi cantly deregulated. Some miRNAs like miR-21 and miR-155 were up- regulated 
in BC, while others like miR-10b and miR-145 were down-regulated. These fi ndings 
could suggest that these miRNAs may act as oncogenes and tumor suppressor 
genes, respectively, and this could also point the way towards utilizing these 
discoveries therapeutically by sequestering or over-expressing these miRNAs. Of 
interest, a set of 15 miRNAs was able to correctly predict the nature of the analyzed 
sample, i.e., normal breast tissue or BC tissue. Learning about the mRNA targets of 
these miRNAs may reveal additional information at the molecular level on the 
biological function of these miRNAs in BC. The authors interestingly also found 
miRNAs that were differentially expressed in BC with various distinctive biopathologic 
features like estrogen receptor (ER) or progesterone receptor (PR) status, prolifera-
tion index, human epidermal growth factor receptor 2 (HER2) status, lymph node 
status or the presence or absence of vascular invasion. Although the number of 
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differentially expressed miRNAs distinguishing these conditions was rather small, 
this could also refl ect technical limitations, because at that time, only 245 miRNA 
probes were spotted onto the microarray slide. 

 To classify molecular BC tumor subtypes such as luminal A, luminal B, basal- like, 
normal-like or HER2-positive BC, Blenkiron et al. ( 2007 ) used a bead-based miRNA 
expression profi ling method to show that a number of individual miRNAs were 
associated with these clinicopathological factors. The predictive potential of the 
identifi ed miRNAs was tested by classifying basal versus luminal subtypes in an 
independent, although small data set. The authors noted that they only found little 
agreement between the miRNAs they identifi ed as associated with clinicopathological 
factors when compared to the data of Iorio and colleagues ( 2005 ). Probably, mixed 
cell populations consisting of tumor and stromal cells to a different degree were 
used for profi ling analyses, pointing towards the important pre-requisite to use 
highly purifi ed, uniform cell populations for profi ling. This of course also applies 
to profi ling BC subpopulations like tumor initiating cells or cancer stem cells. 
Interestingly, the authors also discovered that deregulation of miRNA biogenesis 
pathway genes like DICER1 could also be involved in the etiology of BC, as 
DICER1 expression is signifi cantly down-regulated in basal-like, HER2-positive 
and luminal B type tumors. 

 A recent study by Buffa et al. ( 2011 ) was the fi rst large study to integrate global 
miRNA- and mRNA profi les in BC to identify miRNAs associated with distant 
relapse-free survival (DRFS) that provide independent prognostic information. 
They identifi ed four miRNAs independently associated with DRFS in ER-positive 
and six in ER-negative cases. Detailed analyses revealed that these prognostic 
miRNAs are associated with key biological processes in BC such as proliferation 
(miR- 135a), hypoxia (miR-210, miR-342), invasion (miR-27b), or immune responses 
(miR-150). When validated in independent cohorts, these results could elucidate 
potential novel therapeutic targets in BC.  

1.2     Ovarian Cancer 

 Ovarian cancer (OC) comprises approximately 25 % of all gynecological cancers, 
making it the sixth leading tumor of women in the Western world. Due to a lack of 
effective screening programs for early detection and absent or only subtle early 
signs and symptoms of OC, more than 75 % of all patients present with an already 
advanced stage disease. The signifi cant heterogeneity of OC comprising histologi-
cally defi ned subgroups such as serous, mucinous, endometrioid and clear cell 
carcinomas, as well as the variable clinical manifestations and underlying molecular 
genetic events further complicate diagnosis and treatment of OC. Inactivation of 
tumor suppressor genes or the activation of oncogenes are as in other human 
cancer types the major contributors to OC. The complex biological process during 
OC initiation and progression involves cell de-differentiation and proliferation, 
angiogenesis, invasion and metastasis. Treatment usually consists of a combination 
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of surgery and chemotherapy or radiotherapy; for advanced stages, an antibody-
based therapy targeting VEGF is available. 

 Improved outcomes in OC could be achieved by a more successful early detection 
and an enhanced understanding of the molecular basis of disease, which would both 
lead to improved therapies. Various groups have meanwhile studied the role of miR-
NAs in OC. In analogy to the heterogeneity of OC, investigation of many different 
specimen (OC samples vs. normal ovarian tissues and ovarian epithelia cell lines) 
with many different methods [comparative genomic hybridization, microarray analysis, 
next-generation sequencing (NGS), quantitative reverse transcriptase polymerase 
chain reaction (qRT-PCR) analysis], also lead to heterogeneous results in the discovered 
up- and down-regulated miRNA patterns (Iorio et al.  2007 ; Zhang et al.  2008 ; Lee et al. 
 2009 ). However, some miRNAs were nevertheless identifi ed as aberrantly expressed 
in more than one study, suggesting their likely involvement in OC. 

 One of the fi rst NGS studies in OC reported an inventory of miRNAs known to 
be expressed in primary cultures of normal human ovarian surface epithelium and 
in tissue from three of the most common histotypes of OC (Wyman et al.  2009 ). 
This group discovered 124 miRNAs that were differentially expressed in normal 
versus OC samples and, in addition to some miRNAs that were conserved between 
OC subtypes, 38 miRNAs were differentially expressed across histologic OC 
subtypes. This is of special interest, as alterations in OC subtype-specifi c miRNA 
patterns could indicate their potential as new biomarkers for OC subtypes. For example, 
miR-449a was shown to be a serous-specifi c miRNA, while miRNAs miR-499-5p, 
miR-375, miR-196a, miR-196b and miR-182 are endometrioid-specifi c and 
miR-486- 5p, miR-144, miR-30a, and miR-199a-5p are clear cell-specifi c. 

 Heterogeneity of OC also applies for the many pathways involved in OC cell 
proliferation and apoptosis. Several miRNAs fi ne-tuning important pathway master 
regulator proteins like p53, BRAF, PTEN or cell cycle genes have been reported 
[reviewed in Mezzanzanica et al. ( 2011 ); Lech et al. ( 2013 )]. To get a global under-
standing of miRNAs involved in cell proliferation and cell death in OC, Nakana and 
colleagues performed a gain-of-function miRNA screen by transfecting 319 miRNA 
species into OC cells (Nakano et al.  2013 ). In addition to discovering miRNAs that 
increased or decreased cell viability or miRNAs that asserted pro-proliferative and 
anti-proliferative effects, the authors also revealed miRNAs affecting cell cycle. 
miR-193a was identifi ed as a strong anti-proliferative miRNA, as it induced the 
inhibition of DNA synthesis as measured by BrdU incorporation and induced 
activation of caspase 3/7, resulting in apoptotic cell death. The possible tumor 
suppressive role of this miRNA in OC cells could be attributed to mRNA targets 
like ARHGAP19, CCND1, ERBB4, KRAS, and MCL1, which were identifi ed in a 
genome-wide gene expression analysis in OC cells over-expressing this miRNA. 

 Ideally, miRNAs could be used for prognostic purposes to predict outcome of 
treatment, but at the same time, they could also serve as a potential therapeutic tool. 
Depending on whether a miRNA has oncogenic or tumor suppressive properties, 
miRNA silencing by antisense oligonucleotides or antagomirs or miRNA restoration 
by application of chemically modifi ed synthetic miRNA mimics could be employed. 
In advanced OC, chemotherapy is the preferred therapeutical approach. However, 
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chemoresistance to platinum-based drugs coupled with the mitotic inhibitor paclitaxel 
is the main limitation to successful long-term treatment. Several studies therefore 
investigated if selected miRNAs were involved in the development of drug-
resistance in OC and if this drug resistance was associated with a distinct miRNA 
fi ngerprint: while a panel of seven miRNAs (higher expression in platinum- based 
chemotherapy resistant OC: miR-27a, miR-23a, miR-30c, let-7g, miR-199a- 3p; 
higher expression in platinum-based chemotherapy sensitive OC: miR-378, 
miR-625) could indicate platinum-resistance (Eitan et al.  2009 ), down-regulation 
of the three miRNAs miR-30c, miR-130a, and miR-335 suggested chemoresistance 
to platinum-based drugs and paclitaxel (Sorrentino et al.  2008 ). These fi ndings could 
imply that miRNAs might not only be used as a prognostic tool to predict and 
monitor the outcome of chemotherapy, but that miRNAs might also serve as potential 
therapeutic tools for modulating the response to chemotherapy in OC.  

1.3     Prostate Cancer 

 Prostate cancer (PCa) is a malign tumor disease originating from the prostate, a 
gland in the male reproductive system. Besides lung and colorectal cancer, PCa is 
the third most deadly cancer disease in men and responsible for approximately 10 % 
of male cancer deaths. In its early phase, the disease is without signs or symptoms, 
while in the advanced stage, one or several of symptoms like frequent urination, 
nocturia, hematuria or dysuria can occur. Diagnosis of PCa involves prostate imaging by 
ultrasound and magnetic resonance imaging (MRI). The prostate-specifi c antigen 
(PSA) test measures the blood level of PSA, a glycoprotein enzyme that is produced 
and secreted by epithelial cells of the prostate gland. The initial assumption that the 
higher a man’s PSA level, the more likely it is that he has PCa has changed in recent 
years, as there are additional reasons for having an elevated PSA level, and also some 
men with PCa who do not have elevated PSA levels. Therefore, the U.S. Preventive 
Services Task Force recommends against PSA-based screening for PCa: due to a high 
number of false-positive results, overdiagnosis and overtreatment, the potential benefi t 
does not outweigh the expected harms (  http://www.uspreventiveservicestaskforce.
org/prostatecancerscreening/prostatecancerscript.pdf    ; retrieved August 05, 2013). 
Only an invasive biopsy can reveal if the patient really suffers from PCa. Staging the 
tumor will indicate if the tumor already metastasized or if it is still restricted to the 
prostate and will also help to prognose and to select appropriate therapies. PCa most 
commonly metastasizes to the bones and lymph nodes. Pillars of therapy are surgical 
intervention, radiation therapy or suppression of androgen production by surgical or 
chemical castration. Even after decades of research, the exact causes of PCa remain 
elusive. Risk factors like obesity, age, genetic background or dietary factors are impre-
cisely defi ned, necessitating new research avenues like studying miRNAs involved in 
PCa biology, diagnosis or prognosis. 
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 The androgen ablation therapy (AAT) of PCa dates back to a publication in 1941, 
when Charles Huggins and colleagues reported that AAT causes regression of primary 
and metastatic androgen-dependent prostate cancer (Huggins et al.  1941 ). While more 
than 80 % of PCa patients undergo remission after AAT for a median progression-free 
survival of 1–3 years [androgen-dependent (AnD) state], an androgen- independent 
(AnI) phenotype inevitably emerges, for which no effective treatment has been 
developed yet. To shed light on the mechanisms for the development and progression 
of PCa, Shi and co-workers studied miRNA patterns in prostate cell lines, in benign 
and malignant cells, in androgen receptor (AR)- positive and -negative cells, and in 
AnD and AnI cells (Shi et al.  2007 ). They discovered differential expression of 
miR-125b in AnD and AnI PCa cells, as well as in benign and malignant prostate 
tissues. Interestingly, androgen signaling leads to an up- regulation of miR-125b expres-
sion, possibly by androgen responsive elements in the miR-125b-2 promoter region. 
Mechanistically, transfection of miR-125b stimulated AnI growth of PCa cells and 
down-regulated the expression of Bak1, which enhances apoptotic cell death. Therefore, 
miR-125b might contribute to the pathogenesis of PCa by acting as an oncogene. 

 Follow-up studies of the same group investigated the precise mechanism of miR- 
125b on the pathogenesis of PCa (Shi et al.  2011 ). They found that enforced expression 
of miR-125b promoted xenograft tumor growth in intact and castrated male athymic 
mice when subcutaneously injected with PCa cells that stably over- expressed 
miR-125b. The authors further discovered that miR-125b directly targets eight 
mRNA transcripts and attenuates apoptosis by targeting three key pro- apoptotic genes 
BAK1, BBC3, and p53. Repression of miR-125b activity enabled sensitization of 
PCa cells to different therapeutic interventions, possibly making it an attractive 
therapeutic target in PCa. 

 In the clinical context, improved approaches for noninvasive and reliable PCa 
detection are urgently needed. Measurement of tumor-derived miRNAs in the blood 
(serum or plasma) could be a promising avenue, as shown by Mitchell and co- 
authors ( 2008 ). In a mouse xenograft model and in human cancer patients, Mitchell 
et al. showed that serum levels of miR-141 can distinguish patients with PCa from 
healthy controls. The fi nding of miR-141 as PCa serum biomarker has meanwhile 
been confi rmed by several studies. Brase and co-workers also discovered increased 
levels of miR-141 (together with miR-375) in serum samples from patients with 
metastatic and localized PCa (Brase et al.  2011 ). Yaman and colleagues reported 
that miR-141 levels in serum were higher in patients diagnosed with metastatic PCa 
than in patients with localized/local advanced disease (Yaman et al.  2011 ). Selth and 
co-workers demonstrated that miR-141 was commonly increased in serum of PCa 
patients as well as in a PCa mouse model (Selth et al.  2012 ). A report by Gonzales 
and collaborators investigating the role of miR-141 as a potential biomarker of ther-
apeutic response in PCa patients came to the conclusion that miR-141 demonstrated 
a similar ability to predict clinical progression when compared with other clinically 
validated biomarkers like PSA, circulating tumor cells or lactate dehydrogenase 
levels (Gonzales et al.  2011 ).  
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1.4     Melanoma 

 The skin that protects our body from heat, light irradiation, infections and injuries 
consists of two main layers, the epidermis and the dermis. The epidermis contains 
melanocytes, which contribute as pigment-producing cells by the production of 
melanin to the individual skin color and to the protection against UV irradiation. 
Malignant melanoma (MM) is a tumor which arises from these cells. Although MM 
only makes up 3 % of all skin neoplasias, it accounts for 65 % of skin cancer deaths. 
One of the hallmarks of MM is it’s high potential to metastasize and it’s high 
resistance to apoptosis and chemotherapy. Early diagnosis is therefore of crucial 
relevance, as the excision of very thin tumors can only occur successfully when not 
already micrometastases have developed, which will later form macrometastases. 

 Possibly because of changes in spare time activities and increased exposure to 
UV irradiation, incidences in MM have increased in the last decades all over the 
world, making enforced innovative research on the biology and treatment of MM 
mandatory. A pivotal requirement will be the availability of biomarkers, which 
could allow the selection of patients and tumors which respond to the planned 
therapy. Such biomarkers are lacking until now. MicroRNAs could show new ways 
for diagnostic and, in the long term, also for therapeutic approaches. 

 Several steps have to occur before melanocytes turn into melanoma cells. In the 
last years, several studies have been performed to examine the role of miRNAs during 
these processes. While many of them yielded interesting insights into melanoma 
biology and identifi ed potential mRNA targets of miRNAs deregulated in MM, 
one has to be aware of the limitations of these studies, like comparison of melanoma 
cell lines with cultured melanocytes or tumor tissues, which often still contain 
fi broblasts or lymphocytes. Also, most of the studies performed until now were 
done  in vitro , which sometimes questions their relevance to human disease. Finally, 
one of the major aspects of miRNA biology and function is sometimes not fully 
appreciated: it is only in very rare cases that one miRNA along with only one mRNA 
target is responsible for the investigated biological effects. Normally, one miRNA 
molecule regulates many mRNA targets and also, one mRNA can be regulated by 
many miRNAs. Therefore, oversimplifi cation of models might underestimate the 
role of miRNAs in modulating global gene expression and protein abundance. 

 One of the fi rst essential steps in MM is uncontrolled proliferation, which is 
caused by dysregulation of cell cycle proteins or regulators of proliferation. Cyclins 
and cyclin-dependent kinases have been shown to be targets for several miRNAs. 
Schultz and colleagues analyzed miRNA expression in laser-microdissected tissues 
from benign melanocytic nevi and primary MMs by qRT-PCR analysis and discovered 
differential expression of several miRNAs (Schultz et al.  2008 ). In primary melano-
mas as compared to benign nevi, several members of the let-7 miRNA family were 
down-regulated, acting possibly as tumor suppressors in MM. The authors could 
show that when let-7 was ectopically expressed in melanoma cell lines, the expres-
sion of several cyclins as well as cyclin-dependent kinase 4 was repressed, which 
lead to inhibition of cell cycle progression and anchorage-independent growth of 
melanoma cells. 
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 For progression of tumor cells to metastases, several properties like migratory 
capacity or ability to invade tissues to enter the blood or the lymphatic circulation 
need to be acquired. Many studies have revealed that miRNAs indeed are able to 
modulate these properties in melanoma cells. Cellular targets for miRNAs are 
adhesion molecules like integrins (Penna et al.  2011 ), the receptor c-MET important 
for invasive growth (Migliore et al.  2008 ) or MITF, the microphthalmia-associated 
transcription factor important for MM plasticity [reviewed by Bell and Levy ( 2011 )]. 
One group of enzymes important for remodeling the extracellular matrix are matrix 
metalloproteinases (MMPs). Studying the regulation of Basigin, a protein which 
stimulates adjacent fi broblasts or tumor cells to produce MMPs, Fu and colleagues 
identifi ed let-7b as a tumor suppressor that represses MM proliferation and migration 
as well as tumor metastasis in melanoma cells (Fu et al.  2011 ). let-7b suppresses the 
expression of Basigin in melanoma cells, which could result in the indirect suppres-
sion of MMP-9 and the ability to invade or migrate to neighboring tissues. 

 Especially in MM, early detection is very important for successful treatment. 
Possibly, miRNA might be used as valuable diagnostic and prognostic biomarkers 
if they faithfully can follow disease progression or predict response to therapy. First 
analyses of miRNAs as noninvasive biomarkers for MM have been reported, e.g. 
from Leidinger and collaborators by analyzing miRNA expression signatures of 
blood cells (Leidinger et al.  2010 ). miRNA microarray analysis was used to detect 
deregulated miRNAs in blood cells of 35 MM patients when compared to blood 
samples from 20 healthy individuals. The authors could show that analyzing a 
subset of 16 deregulated miRNAs enabled them to reach a classifi cation accuracy of 
97.4 %, a specifi city of 95 % and a sensitivity of 98.9 % by supervised analysis. 

 Analyzing miRNAs in formalin-fi xed paraffi n embedded (FFPE) tissue samples 
is a good way to conduct retrospective studies, as there is a very good correlation to 
the miRNome in frozen material (Glud et al.  2009 ). This technique also enables the 
defi nition of a miRNA expression signature that is predictive of disease outcome. 
Segura and co-workers determined the miRNA profi le of 59 FFPE melanoma 
metastases and correlated the miRNA expression with post-recurrence survival 
and other clinicopathologic criteria (Segura et al.  2010 ). They found that higher 
expression of 18 miRNAs was signifi cantly correlated with longer survival, defi ned 
as more than 18 months post-recurrence survival. A 6 miRNA signature was able 
to stratify stage III MM patients into “better” and “worse” prognostic categories, 
predicting post-recurrence survival in patients with an estimated accuracy of 80.2 %.  

1.5     Leukemia 

 Leukemias are hematological neoplasms of the blood or the lymphoid system, 
which are characterized by a strong increase in white blood cell (leukocyte) counts 
and especially dysfunctional leukocyte precursors. They can spread to the bone 
marrow, compromise normal hematopoiesis and lead to an altered composition 
of normal blood components. Due to a lack of oxygen-carrying erythrocytes, 
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blood clotting thrombocytes and of functional leukocytes, anemia can develop. 
Infi ltration of organs like spleen, liver or lymph nodes can affect their functions. 

 Leukemias are usually diagnosed by blood count analysis and/or a bone marrow 
aspiration. Classifi cation is based on morphological, immunological as well as 
cytogenetic and molecular parameters of the leukemic cells. Depending on the cell 
type involved, one distinguishes myeloid from lymphatic leukemias. While myeloid 
leukemias arise from precursor cells of granulocytes, lymphatic leukemias affect 
lymphocytes and their precursor cells. Depending on the course of disease, acute 
and chronic leukemias can be distinguished: acute leukemias are live-threatening 
and can lead to death in a few weeks or months if not treated. Chronic leukemias 
progress mostly over years and often show no signs or symptoms. Aberrant expres-
sion of miRNAs is a common characteristic of leukemias (Babashah et al.  2012 ). 
In the following passages, the four most important leukemia diseases will be described 
along with the role some miRNAs have been found to play in these diseases. 

1.5.1     Chronic Lymphocytic Leukemia 

 Chronic lymphocytic leukemia (CLL) is the most often occurring leukemic disease 
in the Western world and most often occurs with advanced age rather than in teenagers 
or children (the median age at fi rst diagnosis is between 70 and 75 years). Depending 
on the status of the markers zeta-chain (TCR)-associated protein kinase 70 kDa 
(ZAP-70) and CD38, two major types of CLL can be distinguished: CD38- and 
ZAP-70-positive CLL cases have an average survival of 8 years, while CD38- and 
ZAP-70-negative CLL cases have an average survival of more than 25 years. 
In contrast to therapies of acute leukemias, therapeutic approaches of chronic forms 
mostly rely on less aggressive, but therefore continuous treatments. At fi rst, the 
“watch and wait” strategy is applied for CLL patients; current standard therapies are 
chemotherapy or a therapy with cortisol analogs. Some patients are also treated with 
the monoclonal antibodies Alemtuzumab, which targets CD52 on B- and T cells, or 
Rituximab, which targets CD20 on B cells, in combination with chemotherapy. 
A complete cure with eradication of all leukemic cells with these treatments is not 
possible until now, but the symptoms can be alleviated. 

 A very high impact paper by the group of Carlo Croce in 2002 (cited more than 
1,750 times until August 2013) was the fi rst to draw a link between the observation 
that a part of chromosome 13 (13q14.3) was frequently deleted or altered in many 
patients with CLL and the deregulation of miRNAs in CLL (Calin et al.  2002 ). The 
clustered miRNAs miR-15a/16-1 were discovered to reside in this deleted region 
and were subsequently shown to be essential for CLL pathogenesis by the generation 
of several transgenic CLL mouse models by Klein and colleagues ( 2010 ; Lia et al. 
 2012 ). Among the identifi ed target genes of miR-15a/16-1 are the anti- apoptotic 
protein Bcl2 (Cimmino et al.  2005 ) or the cell cycle regulators Cyclin D1, Cyclin 
D3, Cyclin E1, CDK6 (Liu et al.  2008 ) and Cyclin T2 (Teng et al.  2011 ). Recently, 
a novel feedback loop was identifi ed in which the miR-15a/miR-16-1 cluster directly 
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targets p53 and its downstream effectors, while p53 stimulates the transcription of 
miR-15a/miR-16-1. Interestingly, p53 also stimulates the miR-34b/miR-34c cluster, 
which directly targets the ZAP-70 kinase (Fabbri et al.  2011 ).  

1.5.2     Chronic Myeloid Leukemia 

 The transformation and subsequent unrestricted proliferation of a single pluripotent 
hematopoietic precursor cell is mostly the reason for chronic myeloid leukemia 
(CML). In almost all CML cases, a reciprocal translocation between the chromosomes 
9 and 22 [t(9;22)] is involved. The break point involves the ABL1 gene on chromosome 
9 and the BCR (“breakpoint cluster region”) on chromosome 22. Cytogenetically, 
this translocation is visible as a shortened chromosome 22, the so- called “Philadelphia 
chromosome”. The ABL1 gene, which encodes for a tyrosine- kinase, is critically 
mutated by the generation of the BCR-ABL1 fusion gene, as its kinase activity is 
continuously active, thereby operating as an oncogene and leading to increased and 
unrestricted proliferation of the concerned cells. 

 The only cure for CML is bone marrow transplantation. As this is a rather 
risky surgical procedure, it is only feasible for a small number of CML patients. 
The new fi rst-line treatment for CML is the tyrosine-kinase inhibitor Imatinib, 
which targets the BCR-ABL1 kinase fusion protein. Further treatment options 
include chemotherapy and interferon therapy, which both by far are not as successful 
as Imatinib treatment. 

 An interesting publication by Bueno and co-workers investigated the role of 
miR-203 in several hematological malignancies and reported that the miR-203 gene 
is hypermethylated in CML (Bueno et al.  2008 ). The ABL1 gene was a predicted 
miR-203 target gene and is highly expressed as BCR-ABL1 transcript in CML 
patients. The authors found out that miR-203 has a tumor suppressive role in 
CML, as its re-expression reduced the levels of ABL1 and BCR-ABL1 fusion 
proteins and inhibited tumor cell proliferation in an ABL1-dependent manner. 
These fi ndings open up the exciting prospect of re-expressing miR-203 in CML 
with a therapeutic benefi t.  

1.5.3     Acute Lymphoblastic Leukemia 

 Acute lymphoblastic leukemia (ALL) is the most common neoplasm in children. 
Different subtypes of ALL can be identifi ed by immunological, cytogenetical and 
molecular analyses and they are categorized by the French-American-British (FAB) 
classifi cation system. It originates from uncontrolled clonal proliferation of 
lymphoid progenitor cells in the bone marrow and is often characterized by 
cytogenetic abnormalities like changes in the chromosome ploidy or chromosomal 
translocations. Treatment options include chemotherapy, steroids, radiation therapy or 

13 MicroRNAs and Clinical Implications in Cancer



334

a combination thereof and bone marrow/stem cell transplantations. In children, more 
than 90 % of ALL cases can be cured. 

 Probably due to the biological heterogeneity and distinct lineage origins of ALL, 
only very few studies dealing with the role of miRNAs in ALL have been performed 
(Zanette et al.  2007 ; Schotte et al.  2009 ). In order to identify novel prognostic and 
therapeutic predictors in ALL, Yan and collaborators performed miRNA microarray 
analyses on diagnostic bone marrow samples (Yan et al.  2013 ). They discovered 
expression of miR-335 as the most signifi cantly down-regulated miRNA associated 
with poor outcome. When re-introduced into ALL cells, an increased sensitization 
to prednisolone-mediated apoptosis could be observed, which could fi t to the 
observation that glucocorticoid resistance is one of the major reasons contributing 
to poor ALL outcome. On the molecular level, they could show that MAPK1 is 
a target gene of miR-335, and that MEK/ERK inhibitor treatment enhanced 
prednisolone- induced cell death through activation of the proapoptotic protein Bim. 
Reconstitution of miR-335 expression may represent a promising therapeutic 
strategy for the treatment of ALL.  

1.5.4     Acute Myeloid Leukemia 

 Acute myeloid leukemia (AML) is the most common acute leukemia affecting 
adults and derives from the myeloid line of blood cells. It is a heterogeneous group 
of malignancies with variable response to treatment. Characteristic is the rapid 
growth of abnormal white blood cells that have lost the ability to mature and which 
accumulate in the bone marrow, where they interfere with the production of normal 
blood cells. First-line treatment consists primarily of chemotherapy; under certain 
circumstances, also hematopoietic stem cell transplantation can be considered. 
Many chromosomal aberrations have been characterized in AML. In translocations, 
often genes important for normal cell regulation are involved, like AML1/ETO 
t(8;21) or PML/RARα t(15;17). 

 The MLL (mixed lineage leukemia) gene on chromosome 11 encodes for a 
histone methyltransferase and is frequently involved in chromosome translocations 
with >60 different partner genes. AMLs with MLL rearrangements are associated 
with intermediate or poor survival. By miRNA expression profi ling, Jiang et al. 
identifi ed miR-495 as down-regulated in MLL-rearranged AML samples when 
compared to other AML or normal control samples (Jiang et al.  2012 ). Using 
several  in vitro  and  in vivo  approaches, Jiang and colleagues could demonstrate 
that cellular transformation by MLL-fusion proteins as well as leukemogenesis 
could be effi ciently inhibited by over-expression of miR-495. In leukemic human 
AML/MLL cells, ectopic miR-495 expression decreased cell viability and increased 
apoptosis. The opposite effect could be observed when two verifi ed target genes 
of miR- 495, PBX3 and MEIS1, were over-expressed in these cells, implying a 
tumor suppressive role for miR-495 in AML/MLL cells by targeting important 
leukemia- related genes.   
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1.6     Colorectal Cancer 

 Colorectal cancer (CRC) is the second leading cause of cancer-related deaths of 
men and women, which approximately 10 % of the world population are diagnosed 
with during their lives. CRC almost always develops from benign polyps to a 
malignant adenocarcinoma and at fi rst, there are hardly any signs and symptoms of 
this disease. The prospects of being cured by an operation and chemotherapy with 
a mean 5-year survival rate of 40–60 % are critically dependent on the stage at 
which CRC is discovered. Approximately 35 % of all CRC cases can be attributed 
to inherited genetic factors (Lichtenstein et al.  2000 ). A high intake of fat or red meat, 
obesity, smoking, lack of physical exercise as well as high alcohol consumption or 
simply older age can also be risk factors for CRC. 

 Colonoscopy for removal of potentially precancerous polyps is considered to be 
the best screening tool for CRC and provides the best chance for successful treatment. 
In addition, the fecal occult blood test is frequently used, as it is the only noninvasive 
procedure, although less sensitive and specifi c than colonoscopy. Therefore, great 
interest in discovering novel, noninvasive screening methodologies for increased 
accuracy and a higher screening rate for CRC in the population is desired. Complicating 
the diagnosis is the existence of different phenotypic subgroups. These include 
CRC with microsatellite instability or the status of the oncogene KRAS or the tumor 
suppressor gene p53. As these CRC subgroups also differ in therapeutic response, 
biomarker information for precise subtype prediction will in the end also have a 
direct impact on the projected patient survival. Potentially, miRNA expression 
patterns might help to classify CRC tumors into different phenotypic groups and 
these expression patterns may also explain some of the biological differences 
between each subtype. 

 More than 300 studies have meanwhile investigated the role of miRNAs in the 
molecular biology and development of CRC. Interestingly, while in most cancers, 
miRNAs seem to be rather down-regulated, i.e., have a tumor suppressive function; 
two thirds of deregulated miRNAs are elevated in CRC (Luo et al.  2011 ). The following 
section will deal with two miRNAs consistently altered in CRC, the tumor suppressive 
miR-143/miR-145 and the oncogenic miR-21. One of the fi rst studies examining 
the role of miRNAs in CRC identifi ed miR-143 and miR-145 as potential tumor 
suppressors, as their expression was reduced in CRC (Michael et al.  2003 ). 

 MiR-143 and miR-145 are two clustered miRNAs which are located at the long 
arm of chromosome 5 (5q32), a region commonly deleted in leukemias (Ohyashiki 
et al.  1987 ). Many studies of the last 5 years considerably extended our understanding 
of the precise molecular function of miR-143 and miR-145 in CRC (Akao et al.  2010 ; 
Pagliuca et al.  2012 ; Qian et al.  2013 ), demonstrating that both miRNAs negatively 
regulate a complex network of genes implicated in cell cycle control, proliferation or 
apoptosis by targeting factors like c-Myc (   Sachdeva et al.  2009 ), KRAS and BRAF 
(Chen et al.  2009 ; Pagliuca et al.  2012 ) or Bcl2 (Zhang et al.  2010 ). A promising thera-
peutic approach could be the restoration of miR-143/miR- 145 expression in CRC by 
synthetic miRNA mimics to target highly proliferating tumors. 
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 The oncogenic miR-21 is another highly relevant miRNA in CRC and is the most 
generally up-regulated miRNA in cancer (Volinia et al.  2006 ) with important roles 
in cancer initiation, progression, and metastasis. At least 40 studies have meanwhile 
investigated or identifi ed a role for miR-21 in CRC. One of the reasons why miR-21 
expression is altered in so many different cancer diseases could be that it is regu-
lated via pathways such as Ras/MAPK or NF-κB, which are themselves frequently 
deregulated in cancer. 

 The multiple-hit hypothesis of cancer postulates that multiple “hits” to DNA are 
necessary to cause cancer (Knudson  1971 ). The stepwise progression of CRC from 
normal colonic mucosa to colon adenomas, and fi nally to colon carcinomas could 
also involve the increasing deregulation of miRNAs. In adenomas, which are benign 
precursor lesions of colon adenocarcinoma, and colon carcinomas, miR-21 levels 
are elevated (Schetter et al.  2008 ). As higher expression levels of miR-21 correlate 
with more advanced stages of CRC, this hints at a potential role for miR-21 in the 
initiation and progression of CRC.  In situ  hybridization using locked nucleic acid 
(LNA)-modifi ed probes revealed that the frequency and amount of miR-21 expres-
sion increases during the transition from adenoma to advanced CRC (Yamamichi 
et al.  2009 ). Numerous cancer-related miR-21 target genes have been identifi ed that 
provide molecular explanations for the strong effect of miR-21 deregulation, among 
them the tumor suppressors PTEN and PDCD4. Down-regulation of PTEN by miR- 
21 leads to increased activation of the PI3-kinase/Akt pathway and thereby promotion 
of sustained proliferation and survival of tumor cells (Meng et al.  2006 ). PDCD4 is 
involved in apoptosis, inhibition of migration and invasion and modulation of 
immune responses, and it’s deregulation by miR-21 therefore promotes tumor 
development (Asangani et al.  2008 ). From a therapeutic perspective, modulation of 
miR-21 levels by an anti-miR-21-based approach may result in reduced proliferation, 
invasion and increased cell death in CRC and other cancer diseases. 

 A recent publication reported the potential use of serum miR-21 levels as 
biomarker for the early detection and prognosis of CRC (Toiyama et al.  2013 ). In an 
initial study of sera from 12 CRC patients and 12 control subjects, the authors found 
an up-regulation of miR-21 in serum of patients with adenomas and CRC, which 
could be validated in a larger independent cohort. Interestingly, Toiyama et al. 
( 2013 ) observed that miR-21 levels signifi cantly dropped in post-operative serum 
from patients who underwent curative surgery. Analysis of miR-21 expression in 
matched primary CRC tissues and serum revealed that high miR-21 expression was 
statistically signifi cantly associated with tumor size, distant metastasis, and poor 
survival. The authors concluded from their data that serum miR-21 was an independent 
prognostic marker for CRC.  

1.7     Lung Cancer 

 Lung cancer (LC) is the most common cause of cancer-related deaths in men and 
women and can be divided into the main types small cell lung carcinoma (SCLC), 
which is the most aggressive type, and non-small cell lung carcinoma (NSCLC). 
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NSCLC accounts for about 85 % of LCs and its three major histological subtypes 
adenocarcinoma (AD), squamous cell carcinoma (SCC), and large cell carcinoma 
(LCC) show heterogeneity in pathogenesis, prognosis, and response to treatment. 
Inhaled tobacco smoke is by far the greatest risk factor for developing LC, which 
increases with the amount and duration of smoking. In approximately 90 % of all 
LC cases of men and 80 % of all women, smoking is responsible for LC death. 
Other LC cases can be attributed to passive smoking, long-term exposure to high 
amounts of radon gas, a combination of genetic risk factors, or being frequently 
exposed to tumor promoting substances like asbestos, chromium, or air pollution. 
Due to a lack of symptoms, LC is usually diagnosed only at advanced stages when 
the prognosis is poor. Treatment strategies depend on the cancer’s specifi c cell type, 
how far the tumor has spread and the person’s general health status, and include 
surgery followed by radiation and/or chemotherapy or palliative care. 

 An early study to investigate the miRNA expression profi le in LC and to determine 
the ability to use miRNAs as diagnostic and/or prognostic markers for LC was 
conducted by Yanaihara and colleagues ( 2006 ). By comparing miRNA microarray 
expression profi les of LC tissues with corresponding noncancerous lung tissues, they 
discovered 43 miRNAs with signifi cant differences in expression between the groups. 
The microarray data, which was confi rmed by qRT-PCR analysis and cross-validated 
in an independent set of ADs, also revealed a specifi c molecular miRNA signature 
for subsets of LC that differ in tumor histology and clinical behavior. Also, a correla-
tion with the survival of lung ADs, including those classifi ed as early disease stage 
I, could be shown. High miR-155 and low let-7a-2 expression correlated with poor 
survival by univariate analysis as well as multivariate analysis for miR-155. 

 The detection of the presence of a disease is a key goal of tumor biomarker 
research and the identifi cation of ideally noninvasive markers for diagnostic appli-
cations an impetus for cancer research. Due to the noninvasive procedure, miRNAs 
in blood represent an interesting possibility for biomarkers. One of the fi rst compre-
hensive analyses of miRNAs in serum and plasma of humans and other animals 
was reported by Chen and colleagues ( 2008 ). By employing Solexa NGS technol-
ogy, they reported the miRNA repertoire in serum of patients with NSCLC and of 
healthy Chinese subjects and identifi ed a specifi c serum miRNA expression pattern 
for LC. Two miRNA were further examined by qRT-PCR analysis in an indepen-
dent sample set of 75 healthy donors and 152 LC patients, confi rming that both 
miRNAs were present at signifi cantly higher levels in sera of LC patients than controls. 
Several other studies have meanwhile also identifi ed prognostic and diagnostic 
miRNA as circulating biomarker for LC (e.g. Franchina et al.  2013 ; Lin et al.  2013 ; 
Kaduthanam et al.  2013 ; Chen et al.  2013 ). However, results of miRNA biomarker 
studies in LC are sometimes not overlapping or even contradictory, which implies 
the need for standardization of the utilized analytical methodologies, like the use of 
internal and external controls in each assay, and a consensus normalization method of the 
results. Many improvements still need to be made before the establishment of miRNAs 
as routine biomarkers in the clinical laboratory. 

 As deregulated miRNA expression has been meanwhile shown for LC, certain 
miRNAs might be employed as therapeutic targets. The so-called “miRNA replacement 
therapy” makes use of tumor suppressor miRNAs. Re-introduction of them into 
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tumor cells is expected to lead to reactivation or correction of cellular pathways, 
eventually leading to a therapeutic response. Diffi culties in executing this strategy 
are until now e.g. obstacles associated with miRNA delivery, either in terms of 
safety (e.g. virus-based delivery) or effi ciency [e.g. complexing nucleic acids with 
polyethylenimine (PEI)]. Wiggins and colleagues studied a cohort of NSCLC tumor 
samples and observed reduced miR-34a expression in all histotypes of NSCLC 
(Wiggins et al.  2010 ). As miR-34a inhibited the growth of cultured LC cells, the 
authors devised a therapeutic formulation using chemically synthesized miR-34a 
and a lipid-based delivery vehicle for intratumoral delivery. They observed that 
administration of this formulation blocked tumor growth in mouse models of 
NSCLC when administered locally or systemically, accompanied by an accumulation 
of miR-34a in the tumor tissue and down-regulation of miR-34a target genes. The 
safety profi le of systemically delivered miR-34a showed no elevation of cytokines 
or liver and kidney enzymes in serum, which suggests that the “miRNA replacement 
therapy” in LC is well tolerated and does not induce an immune response.  

1.8     Pancreatic Cancer 

 Pancreatic cancer (PC) is a devastating disease with very poor prognosis and is the 
fourth most common carcinoma in men and the fi fth most common in women in 
Western countries. Like other tumors of the gastrointestinal tract, PC is not a homog-
enous disease, but can be divided into tumors arising from the exocrine pancreas 
and those arising from endocrine cells. The pancreatic ductal adenocarcinoma 
(cancer of the pancreas) is the most frequent tumor of the pancreas (approximately 
80 %); in addition, there are a number of other tumors (pancreatic cystic neoplasms, 
pancreatic neuroendocrine tumors, acinic cell carcinoma), which differ considerably 
in their aggressiveness and the ability to metastasize. Smoking and diets low in 
vegetables and fruits and high in red meat seem to be the most important controllable 
risk factors. Patients with chronic pancreatitis have been shown to have an increased 
risk of PC. Although PC can also occur in young people, the risk increases with age. 
PC is an almost incurable disease, as there are hardly any symptoms in early stage 
disease and in later stages, symptoms are usually nonspecifi c and varied. The late 
time point of diagnosis at an already advanced stage hinders successful treatment, 
resulting in a 5-year survival rate of approximately only 5 %. Treatment options 
depend on the stage of the cancer and consist of surgery with adjuvant chemotherapy, 
chemotherapy or radiation therapy or palliative chemotherapy for patients not suitable 
for resection with curative intent. 

 MiRNAs have been show to play a role in different stages of PC; from degeneration 
of pancreatic cells to metastasis or fi nally to resistance against chemo- or radiother-
apy. Several studies have investigated the involvement of miRNAs in metastasis. 
A recent publication by Wang and co-workers demonstrated that miRNAs can 
suppress metastasis (Wang et al.  2013 ). The authors discovered that all three miR-124 
genes are highly methylated in PC tissue compared with noncancerous tissue, 
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leading to silencing of miR-124. On the molecular level, Wang and colleagues 
could demonstrate that miR-124 is a tumor suppressor, as miR-124 inhibited cell 
proliferation, invasion and metastasis. Rac1, a GTPase belonging to the RAS 
superfamily of small GTP-binding proteins and a putative tumor promoter in PC, 
was shown to be a direct target of miR-124, leading to inactivation of the MKK4-
JNK-c-Jun pathway in PC. 

 The Ras pathway performs an essential function in the transmission of growth- 
promoting signals from cell surface receptors, and mutation of the KRAS gene, 
which encodes for a GTPase, is an essential step in the development of many cancers. 
Mutations of KRAS occur in over 90 % of PCs, which is a remarkably high mutation 
frequency. Zhao and colleagues investigated the expression and possible role of 
miR-217 in PC by  in situ  hybridization and qRT-PCR analysis and showed that 
miR-217 was down-regulated in 16/21 of PC tissues when compared with the 
corresponding normal pancreatic tissue (Zhao et al.  2010 ). Ectopic expression of 
miR-217 in PC cells inhibited tumor cell growth and anchorage-independent colony 
formation.  In silico  and  in vitro  analyses revealed that KRAS was a direct target of 
miR-217. While miR-217 up-regulation reduced the constitutive phosphorylation 
of the downstream AKT signaling pathway, miR-217 down-regulation in PC cells 
increased cell anchorage-independent colony formation, implying a tumor suppres-
sive role for miR-217 in PC and the prospect of utilizing miR-217 as a therapeutic 
agent for miRNA-based PC therapy. A similar study was performed by Yu and 
collaborators ( 2010 ). They found that miR-96 directly targets KRAS in PC cells 
and that ectopic expression of miR-96 lead to diminished KRAS levels, dampened 
the AKT signaling pathway, triggered apoptosis in PC cell lines, decreased cancer 
cell invasion and migration and slowed tumor growth. 

 One of the reasons for the poor survival of PC patients is the (too) late discovery 
of the tumor. Detection of aberrant miRNA expression may offer a diagnostic, minimally 
invasive biomarker assay for the early detection of PC and for effective clinical 
management. A fi rst step in this direction was the identifi cation of “signature 
miRNAs” that allow discrimination between benign and malignant pancreas tissues 
as well as between different types of malignancies. Bloomston et al. ( 2007 ) investi-
gated differentially expressed miRNAs in patients with ductal adenocarcinoma of 
the pancreas and chronic pancreatitis by miRNA microarray analysis. They identifi ed 
21 miRNAs with increased and 4 with decreased expression in PC that were able to 
correctly differentiate PC from benign pancreatic tissue in 90 % of the samples. 
Using a miRNA signature of 15 increased and 8 decreased miRNAs, PC could be 
differentiated from chronic pancreatitis with 93 % accuracy. Also, a subgroup of 6 
miRNAs was able to distinguish long-term survivors with node-positive PC from 
those dying within 2 years. The high expression of only one miRNA, miR-196a-2, was 
already found to predict poor survival (median survival 14.3 months vs. 26.5 months). 

 Another study confi rming the applicability of miRNAs to distinguish benign 
from malign tissues in PC was reported by Lee and co-workers ( 2007 ). This group 
studied more than 200 miRNA precursors in specimens of human pancreatic adeno-
carcinoma, paired benign tissue, normal pancreas, chronic pancreatitis and several 
PC cell lines by qRT-PCR analysis. The expression of the biologically active mature 
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miRNA was validated by using qRT-PCR- and Northern blot analysis. By hierarchical 
clustering, 28 of 28 tumors, 6 of 6 normal pancreas and 11 of 15 adjacent benign 
tissues could be correctly classifi ed.   

2     MicroRNAs as Potential Cancer Biomarkers 

 Biomarkers in cancer medicine would ideally fulfi ll several requirements:

•    they should predict who will develop disease, so precautionary measures might 
be taken  

•   they should detect disease at an early stage, so treatment can be started in time to 
increase the likelihood of complete cure  

•   they should correctly classify related or similar diseases  
•   they should distinguish between different subtypes of tumors in order to choose 

the most effi cient therapy  
•   they should detect disease relapse, so countermeasures can be applied early  
•   they should guide therapeutic decision-making to apply suitable therapeutic 

regimen, i.e., to discontinue treatment with ineffective agents early to decrease 
morbidity from drug toxicity, to help reducing costs and to allow the patient to 
be treated by an alternative therapy    

 Proteins, RNA, DNA, or also metabolites can be used as biomarkers and plenty 
of them for many diseases are presently in use. These include e.g. the mutation 
status of the BRCA1/BRCA2 genes in breast or ovarian cancer, serum alpha- 
fetoprotein (AFP) levels in liver cancer, or the occurrence of the BCR-ABL1 
chromosomal translocation in CML. Although many biomarkers are currently in 
use, the sensitivity and specifi city of detection are often not satisfactory. Histological 
evaluation of tumor material obtained from tissue biopsies remains the gold 
standard, as tumor markers greatly improve diagnosis. Due to the invasive, 
unpleasant, and inconvenient nature of current diagnostic procedures, their clinical 
application is often limited and the identifi cation of noninvasive tumor markers is 
highly desirable. 

 Large-scale mRNA expression profi ling techniques such as microarray analysis 
or NGS technologies have allowed the identifi cation of key differences in mRNA 
gene expression between tumor tissues and nonaffected normal tissues. This holds 
also true for miRNAs, as different types of cancers have differing miRNA profi les 
that allow distinction from adjacent normal tissue [reviewed by Munker and Calin 
( 2011 )]. In fact, a study of 20 different leukemias and solid cancers revealed that 
each cancer had a specifi c miRNA profi le and that most poorly differentiated tumors 
could be assigned to their tissues of origin based on their miRNA expression levels 
(Lu et al.  2005 ). This research team also determined that the majority of miRNAs 
are down-regulated in cancer specimens and that miRNA expression profi les 
could classify human cancers by their developmental lineage and differentiation 
state even better than mRNA expression profi ling. Therefore, unique patterns of 
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altered miRNA expression could potentially provide complex fi ngerprints that 
may serve as molecular biomarkers, resulting in an important advance in cancer 
diagnosis and prognosis. 

 MiRNAs have been found associated with circulating exosomes, which are small 
(30–100 nm) membrane vesicles of endocytic origin. They are released into the 
extracellular environment upon fusion of multivesicular bodies with the plasma 
membrane [reviewed by Ajit ( 2012 )]. As tumor cells have been shown to release 
miRNAs into the circulation and miRNA profi les are altered in plasma/serum of 
cancer patients, this fi nding makes them very appealing as potential novel  biomarkers 
(Taylor and Gercel-Taylor  2008 ). 

 Further innate properties of miRNAs make them highly interesting from a clinical 
biomarker perspective. Due to their small size, they are highly stable and relatively 
resistant to RNase degradation (Mitchell et al.  2008 ) and have been isolated 
from most body fl uids, including serum, plasma, urine, semen, milk, tears and saliva 
[reviewed by Cortez et al. ( 2011 )]. They can be reliably detected in small volume 
samples using highly developed means of detection like qRT-PCR analysis, and 
they are highly conserved between species, enabling the use of animal disease 
models for preclinical studies. The lack of post-processing modifi cations and their 
low complexity when compared to proteins make miRNAs a potentially rich source 
of diagnostic, prognostic, and predictive information in cancer medicine. 

 In the following sections, I will use hepatocellular carcinoma (HCC) as an example 
to demonstrate how miRNAs could serve as diagnostic or prognostic markers, 
predictors of therapeutic outcome, how they can be used as therapeutic agents, their 
potential use in clinical trials or personalized medicine and fi nally, I will discuss the 
perspectives and challenges of miRNAs as potential cancer biomarkers. 

2.1     MiRNAs in Diagnosis and Prognosis 

 Development of HCC is a complex process which generally affects patients already 
suffering from chronic liver diseases, like hepatitis B or C virus (HBV/HCV) 
infection, liver cirrhosis, which can occur after alcohol abuse, or type 2 diabetes. 
For detection and diagnosis of HCC, liver imaging studies play a key role. Therefore, 
common diagnostic methods include techniques such as triphasic computed 
tomography scanning, MRI, and abdominal ultrasound (Befeler and Di Bisceglie 
 2002 ), which also help in identifying patients still at an asymptomatic HCC stage. 
Imaging techniques are also frequently combined with the measurement of serum 
AFP levels, which is generally considered to be a signifi cant marker for HCC 
(Tong et al.  2001 ). A review of several studies using AFP as biomarker in HCC 
revealed that approximately 30 % of HCC cases are not related to AFP production, 
calling into question the sensitivity and specifi city of AFP and showing the need for 
additional tests for detecting HCC (Gupta et al.  2003 ). Profi ling of circulating 
miRNAs could represent such an additional test, and numerous studies have been 
performed to assess the usefulness of miRNAs for such purposes (Table  13.1 ). 
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    Table 13.1    Circulating microRNAs in hepatocellular carcinoma diagnosis and prognosis   

 MicroRNA  Functions  Reference 

 miR-21  miR-21 serum levels are elevated in patients with 
chronic hepatitis C virus infection (CHC) compared 
to healthy controls 

 Bihrer et al. ( 2011 ) 

 No difference between miR-21 serum levels in patients 
with CHC and CHC-associated hepatocellular 
carcinoma (HCC) 

 miR-21 serum levels can discriminate between minimal 
and mild-severe necroinfl ammation 

 miR-885-5p  miR-885-5p serum levels are signifi cantly higher in 
patients with HCC, liver cirrhosis and chronic 
hepatitis B virus infection (CHB) than in healthy 
controls 

 Gui et al. ( 2011 ) 

 miR-1, miR-122  HCC patients with higher miR-1 and miR-122 serum 
levels show longer overall survival than individuals 
with lower miR-1 and miR-122 serum concentrations 

 Köberle et al. 
( 2013 ) 

 miR-1 serum levels are independently associated with 
overall survival 

 miR-122 serum levels correlate with clinical chemistry 
parameters of hepatic necroinfl ammation, liver 
function and synthetic capacity 

 miR-25, 
miR-375, 
let-7f 

 Description of a 13 serum miRNA signature for 
detection of CHB infection 

 Li et al. ( 2010 ) 

 miR-25, miR-375, and let-7f serum levels can separate 
HCC cases from healthy controls 

 miR-221  High miR-221 serum levels correlate with HCC tumor 
size, liver cirrhosis and tumor stage 

 Li et al. ( 2011 ) 

 Overall survival rate of the high miR-221 expression 
HCC group is signifi cantly lower than that of the low 
miR-221 expression HCC group 

 miR-18a, 
miR-378 

 Serum miR-18a levels are signifi cantly higher in CHB 
patients with HCC than healthy controls 

 Li et al. ( 2012 ) 

 Serum miR-378 levels are signifi cantly lower in CHB 
patients with HCC compared to healthy controls 

 miR-15b, 
miR-130b 

 miR-15b, miR-21, miR-130b and miR-183 serum levels 
are markedly reduced after surgery 

 Liu et al. ( 2012 ) 

 miR-15b and miR-130b are highly expressed in serum 
of HCC patients 

 miR-122  miR-122 serum levels are signifi cantly higher in HCC 
patients than in healthy controls 

 Qi et al. ( 2011 ) 

 miR-122 serum levels are signifi cantly reduced in HCC 
post-operative serum samples when compared to 
pre-operative samples 

 miR-16, 
miR-199a 

 miR-16 and miR-199a serum levels are signifi cantly 
lower in HCC than in healthy controls 

 Qu et al. ( 2011 ) 

 miR-92a  miR-92a in plasma from HCC patients is decreased 
when compared to that of healthy controls 

 Shigoka et al. 
( 2010 ) 

 Amount of plasma miR-92a is elevated after surgical 
treatment 

(continued)
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Ideally, miRNA profi ling should contribute to the identifi cation of putative HCC 
subtypes (etiology, genotype, and phenotype) as well as aid in diagnosis and prog-
nosis. Table  13.1  shows that, in total, 18 circulating miRNAs have been described 
in HCC diagnosis and prognosis until now. These heterogeneous studies are rather 
small and restricted to special cases like HCC patients with or without HBV and/or 
HCV infection or with or without liver cirrhosis. Before the feasibility of serum 
miRNA in diagnosis and prognosis can be determined (exemplary for HCC), 
larger scale studies involving hundreds of well-defi ned HCC patients and controls 
studying the 18 until now reported circulating miRNAs in HCC should be 
conducted. Only then the suitability of miRNAs as additional tests for detecting 
HCC at a still asymptomatic stage can be estimated.

2.2        MiRNAs as Predictors of Therapeutic Outcome 

 The ability of cells to evade engagement of apoptosis plays a signifi cant role in 
tumor development. Therefore, cancer cells must bypass this major barrier on the 
way towards transformation and tumor progression and eventually, to survive in the 
tumor environment. One therapeutic approach is to drive cancer cells into apoptosis 
by (again) sensitizing them to certain stimuli, enabling them (again) to regulate the 
apoptotic cascades. A frequent side-effect of anti-cancer drug treatment is the 

 MicroRNA  Functions  Reference 

 miR-21  miR-21 plasma levels signifi cantly diminish after HCC 
surgery compared with pre-operative values 

 Tomimaru et al. 
( 2012 ) 

 miR-21 plasma levels in HCC patients are signifi cantly 
higher than in patients with chronic hepatitis and 
healthy controls 

 miR-21, 
miR-122, 
miR-223 

 miR-21, miR-122, and miR-223 serum levels are 
signifi cantly higher in patients with HCC 
and chronic hepatitis than those in healthy controls 

 Xu et al. ( 2011 ) 

 miR-21 and miR-122 serum levels are higher in patients 
with chronic hepatitis than in patients with HCC 

 miR-500  miR-500 serum levels are increased in HCC patients 
compared to healthy controls 

 Yamamoto et al. 
( 2009 ) 

 miR-17-5p  HCC patients with high miR-17-5p serum levels have 
a signifi cantly shortened overall survival 

 Zheng et al. ( 2012 ) 

 miR-17-5p serum levels are an independent risk factor 
for overall survival 

 miR-17-5p serum levels are signifi cantly down-regulated 
in the HCC post-operative group and get up-regulated 
in the relapsed group 

  Abbreviations:  CHB  chronic hepatitis B virus infection,  CHC  chronic hepatitis C virus infection, 
 HCC  hepatocellular carcinoma,  miRNA  microRNA  

Table 13.1 (continued)
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development of drug resistance. For example, the regained response of cancer cells 
to apoptotic stimuli upon drug treatment is lost again. The prediction of who will 
develop anti-cancer drug resistance upon treatment is therefore a crucial question in 
need to be answered. As miRNAs have been shown to regulate mRNAs important 
for programmed cell death, an interesting aspect has been the investigation of them 
during apoptosis. In HCC tumors and HCC cell lines, miR-21 was noted to be 
highly over-expressed (Meng et al.  2007 ). PTEN was shown to be a direct target of 
miR-21 and to contribute to the promotion of HCC growth and spread as well as 
augmentation of cancer cell survival, leading to enhanced cancer cell survival by 
loss of PI3 kinase pathway inhibition. One of the combination therapies in advanced 
HCC is the administration of interferon (IFN)-α and 5-fl uorouracil (5-FU). As the 
prediction of the response to this therapy was unsatisfactory, Tomimaru and 
colleagues studied the anti-tumor effect of miR-21 on the sensitivity of HCC cells 
to IFN-α/5-FU (Tomimaru et al.  2010 ). Modulation of miR-21 levels by over- 
expression or down-modulation lead to resistance or sensitivity of HCC cells to 
IFN-α/5-FU treatment. Importantly, miR-21 expression in clinical HCC specimens 
was signifi cantly associated with clinical response to IFN-α/5-FU combination 
therapy and survival rate. The authors concluded that miR-21 could be used as a 
predictor of the clinical response to the IFN-α/5-FU combination therapy in HCC.  

2.3     Modulating miRNA Levels as Therapeutic Approach 

 Like transcription factors, miRNAs can regulate gene expression in a complex manner, 
as one miRNA can fi ne-tune the expression of hundreds of mRNAs. This feature 
of miRNA biology can be utilized for the development of a novel cancer therapy 
approach. Depending on whether a miRNA has oncogenic or tumor suppressive 
properties (Babashah and Soleimani  2011 ), manipulating gene networks by miRNA 
silencing with antisense oligonucleotides or antagomirs or miRNA restoration by 
application of chemically modifi ed synthetic miRNA mimics could be used. The 
miRNA with the furthest advancement of this therapeutic approach is miR-122, 
which is the most highly expressed miRNA in the liver. 

 One of the reasons for liver damage and subsequent development of cirrhosis and 
HCC is infection with HCV, which persists in approximately 170 million people 
worldwide. Although the recent introduction of HCV protease inhibitors improved 
therapy, inhibitors are active against only the dominant viral genomes. Effective 
therapeutic approaches against the diverse strains of HCV and with a low likelihood 
of creating resistance would be a welcome addition to the drug arsenal. Building 
upon the fi nding that the stability and propagation of HCV is dependent on a functional 
interaction between the HCV genome and miR-122 (Jopling et al.  2005 ), down-
modulation of miR-122 by a LNA-modifi ed oligonucleotide complementary to 
miR-122 (“miravirsen”) in chimpanzees lead to long-lasting suppression of HCV 
viremia, with no evidence of side effects or viral resistance in the treated animals 
(Lanford et al.  2010 ). The Phase 2a dose-fi nding study of subcutaneous weekly 
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miravirsen administration in patients with chronic HCV infection now showed a 
prolonged, dose-dependent reduction in HCV RNA levels without evidence of viral 
resistance (Janssen et al.  2013 ). Miravirsen enters liver cells and binds tightly and 
stably to miR-122, preventing the latter from binding to HCV RNA. Sequencing 
the targeted viral sequence revealed no sign of drug resistance. These exciting 
experiments benefi tted from the fact that the hurdle for nucleic acid delivery to the 
liver is lowest, as this organ is designed to remove toxic substances from the body. 
A side- effect of miravirsen treatment was the long-lasting decrease in serum cholesterol 
levels of approximately 25 %, which miR-122 normally also controls independently 
of its effect on HCV. The sustained biologic effect, which lasted 14 weeks after 
the fi nal injection, suggests that such drugs could be administered infrequently. 
An issue that needs careful study design and safety monitoring for long-term use 
will be the fi nding that miR-122 is a tumor suppressor gene for HCC, as mice lacking 
miR-122 are viable, but have a high risk of fatty liver, fi brosis, and HCC (Tsai et al. 
 2012 ; Hsu et al.  2012 ).  

2.4     MiRNAs in Clinical Trials and Personalized Medicine 

 A more detailed understanding of the impact of genetics in disease lead to the 
proposal of personalized medicine, i.e., that patients are not only diagnosed and 
managed according to their clinical signs and symptoms or based on the mechanisms 
of disease, but also to consider results of molecular testing methods for global 
gene or protein expression or somatic mutations in cancer cells. This includes 
looking for markers associated with prognosis and likely treatment responses, to 
better defi ne prognosis in these patients and to suggest treatment options that are 
most likely to succeed. 

 That personalized cancer therapy can show benefi cial effects and could one day 
become the standard of care is implied by results of recent clinical trials performed 
at the MD Anderson Cancer Center (Tsimberidou et al.  2012 ). Matching targeted 
therapies with certain gene mutations in patients in a Phase 1 clinical trials program 
showed a higher overall response rate, a longer time-to-treatment failure and longer 
survival when compared with non-matched patients. Although the study was not 
randomized and patients with diverse tumor types and several prior therapies were 
included, this indicates that genetic testing of newly diagnosed patients at early 
stages in their disease is benefi cial. As we have seen that miRNA profi ling can 
contribute many important information to prognosis, diagnosis and therapy prediction 
in many cancer types, this implicates the potential of integrating miRNA data into 
clinical trials as well. 

 In May 2013, Mirna Therapeutics, Inc. reported that they have initiated a Phase 
1 clinical study of the fi rst miRNA to advance into a human clinical trial for cancer 
(  http://clinicaltrials.gov/ct2/show/NCT01829971    ). MRX34, which is a miRNA mimic 
of the tumor suppressor miR-34, is given intravenously in patients with unresectable 
primary liver cancer or advanced or metastatic cancer with liver involvement. 

13 MicroRNAs and Clinical Implications in Cancer

http://clinicaltrials.gov/ct2/show/NCT01829971


346

Up to 48 patients are enrolled in this Phase 1 clinical study, which consists of an 
initial dose-escalation phase followed by an enrichment phase. It will be very 
interesting to follow this fi rst miRNA clinical trial possibly progressing through 
several clinical phases and to learn about the challenges and opportunities of miRNAs 
in personalized medicine and clinical trials.   

3     Perspectives and Challenges 

 A lot of hopes and expectations are set on miRNAs as biomarkers in cancer medicine. 
They should fulfi l not less than to improve disease diagnosis by distinguishing healthy 
from malignant tissues, to provide a signifi cant and independent prognostic value, 
to identify the tissue of origin in poorly differentiated tumors or tumors of unknown 
origin, to distinguish different subtypes of the same tumor, to predict therapeutic 
effi cacy, to identify population subgroups that are responsive to drugs, to forecast 
disease recurrence and to allow maintenance of surveillance following surgery. 

 Now, it is obvious that miRNAs cannot live up to all biomarker expectations. 
When thinking about the perspectives and challenges of miRNAs and their clinical 
implications in cancer, the prospects for these tiny molecules do not look bad:

•    The expression of miRNAs is frequently dysregulated in cancer  
•   The expression patterns of miRNAs in cancer seem to be tissue-specifi c  
•   MiRNAs show an unexpectedly high stability in tissues, serum and plasma    

 Like with other biomarkers, it is unlikely that any single miRNA will achieve the 
desired level of diagnostic or prognostic accuracy. Increased levels of particular 
miRNAs like miR-21 can be associated with several different types of tumors. 
It is therefore rather likely that a more accurate assessment would be if a miRNA 
biomarker signature for a certain cancer type can be established. Maybe, sensitivity 
and specifi city of diagnosis could be even more improved by combining cancer 
miRNA biomarkers with other available screening tests. However, until now, the 
comparability between results of different publications is rather low. Therefore, 
measures should be taken to standardize protocols to increase the translatability of 
studies. Some of the potential pre- and post analytical variations could include:

•    Precise classifi cation of patients and the history of their disease by generating 
comprehensive databases. This is also important in regard to personalized 
medicine approaches.  

•   Use of consistent study designs. This includes an adequate sample size of training 
and test sets, multiple independent patient populations, and appropriately designed 
and powered blinded and randomized clinical trials. To assess the obtained results, 
subsequent validations in follow-up trials should be considered.  

•   Choice of samples. Depending on what type of specimen should be analyzed 
(primary tumor material, plasma, serum, whole blood, etc.), it has to be ascertained 
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that the material is free of “contamination” with other tissues, cell types, etc. Ideally, 
biomarker measurement should not consume tissue needed for other tests, 
particularly for histopathological evaluation.  

•   Sample processing. Standardization of specimen storage, blood sample collection, 
sample transportation, will help avoiding sources of variability.  

•   Use of common miRNA extraction methodology. The vast amount of methods 
available (use of Phenol/Chloroform, Trizol, spin columns, etc.) makes development 
of standard protocols and adherence to them mandatory to exclude variation 
from this important step.  

•   Reliable quantifi cation methods. Development of protocols for standard technology 
platforms like microarray, qRT-PCR analysis, NGS approaches, etc. and the 
type of miRNA to be analyzed (pri-miRNA, pre-miRNA, mature miRNA). The 
determination of a miRNA signature must also be feasible for non-specialists, 
must be reproducible and include quality controls.  

•   Appropriate and generally applicable normalization controls. A lot of variation is 
introduced by the use of inappropriate normalization controls and methods. 
Should miRNAs be compared to other classes of small RNAs, such as the snoRNA 
RNU6B, should a mix of several, apparently unchanged miRNAs be used as 
normalization controls, should miRNA levels be compared to the level of a mix 
of several mRNAs, etc. This need for a housekeeping miRNA is especially true 
for miRNAs in body fl uids, as most other classes of RNA are unstable in them.  

•   Consistent data processing and use of consistent statistical methods. The results 
should be readily interpretable by a clinician.    

 In some cases, miRNA biomarkers could at the same time also be used for therapeutic 
purposes, which would allow the development of exciting therapeutic strategies to 
intervene with miRNA levels by targeting oncogenic miRNAs with antagomirs or 
by restoring suppressor miRNAs with degradation-resistant chemically synthesized 
miRNA molecules. First use of miRNAs as therapeutics will necessitate exact 
investigations, as miRNAs with their pleiotropic mode of regulation could give rise 
to a complex phenotype that may not be readily predictable. This could mean that 
other pathways are also targeted, which might be unwanted, but it might also mean 
that with one reagent, you could synergistically target several pathways involved in 
cancer at the same time. 

 The fi rst decade of intensive research on miRNAs has already brought us many 
insights into the molecular biology of many cancer types and into cancer medicine. 
MiRNAs are increasingly studied as molecular markers for cancer prognosis and 
diagnosis, and their potential role as possible therapeutic target is also starting to 
be appreciated. Although some aspects of miRNAs in cancer medicine are still 
in their infancy, if miRNA research in cancer medicine continuous to develop at 
its current pace, the future promises to hold many encouraging fi ndings on miRNAs 
in cancer medicine.     

  Acknowledgements   I would like to thank Prof. Hans-Martin Jäck for his continuous support.  

13 MicroRNAs and Clinical Implications in Cancer



348

      References 

    Ajit SK (2012) Circulating microRNAs as biomarkers, therapeutic targets, and signaling molecules. 
Sensors (Basel) 12(3):3359–3369  

    Akao Y, Nakagawa Y, Hirata I, Iio A, Itoh T, Kojima K et al (2010) Role of anti-oncomirs miR-143 
and −145 in human colorectal tumors. Cancer Gene Ther 17(6):398–408  

    Asangani IA, Rasheed SA, Nikolova DA, Leupold JH, Colburn NH, Post S et al (2008) MicroRNA-21 
(miR-21) post-transcriptionally downregulates tumor suppressor Pdcd4 and stimulates invasion, 
intravasation and metastasis in colorectal cancer. Oncogene 27(15):2128–2136  

    Babashah S, Soleimani M (2011) The oncogenic and tumour suppressive roles of microRNAs in 
cancer and apoptosis. Eur J Cancer 47(8):1127–1137  

    Babashah S, Sadeghizadeh M, Tavirani MR, Farivar S, Soleimani M (2012) Aberrant microRNA expres-
sion and its implications in the pathogenesis of leukemias. Cell Oncol (Dordr) 35(5):317–334  

    Befeler AS, Di Bisceglie AM (2002) Hepatocellular carcinoma: diagnosis and treatment. 
Gastroenterology 122(6):1609–1619  

    Bell RE, Levy C (2011) The three M’s: melanoma, microphthalmia-associated transcription factor 
and microRNA. Pigment Cell Melanoma Res 24(6):1088–1106  

    Bihrer V, Waidmann O, Friedrich-Rust M, Forestier N, Susser S, Haupenthal J et al (2011) Serum 
microRNA-21 as marker for necroinfl ammation in hepatitis C patients with and without 
hepatocellular carcinoma. PLoS One 6(10):e26971  

    Blenkiron C, Goldstein LD, Thorne NP, Spiteri I, Chin SF, Dunning MJ et al (2007) MicroRNA 
expression profi ling of human breast cancer identifi es new markers of tumor subtype. Genome 
Biol 8(10):R214  

    Bloomston M, Frankel WL, Petrocca F, Volinia S, Alder H, Hagan JP et al (2007) MicroRNA 
expression patterns to differentiate pancreatic adenocarcinoma from normal pancreas and 
chronic pancreatitis. JAMA 297(17):1901–1908  

    Brase JC, Johannes M, Schlomm T, Fälth M, Haese A, Steuber T et al (2011) Circulating miRNAs 
are correlated with tumor progression in prostate cancer. Int J Cancer 128(3):608–616  

    Bueno MJ, Pérez de Castro I, Gómez de Cedrón M, Santos J, Calin GA, Cigudosa JC et al (2008) 
Genetic and epigenetic silencing of microRNA-203 enhances ABL1 and BCR-ABL1  oncogene 
expression. Cancer Cell 13(6):496–506  

    Buffa FM, Camps C, Winchester L, Snell CE, Gee HE, Sheldon H et al (2011) microRNA- 
associated progression pathways and potential therapeutic targets identifi ed by integrated 
mRNA and microRNA expression profi ling in breast cancer. Cancer Res 71(17):5635–5645  

    Calin GA, Dumitru CD, Shimizu M, Bichi R, Zupo S, Noch E et al (2002) Frequent deletions and 
down-regulation of micro- RNA genes miR15 and miR16 at 13q14 in chronic lymphocytic 
leukemia. Proc Natl Acad Sci U S A 99(24):15524–15529  

    Chen X, Ba Y, Ma L, Cai X, Yin Y, Wang K et al (2008) Characterization of microRNAs in 
serum: a novel class of biomarkers for diagnosis of cancer and other diseases. Cell Res 
18(10):997–1006  

    Chen X, Guo X, Zhang H, Xiang Y, Chen J, Yin Y et al (2009) Role of miR-143 targeting KRAS 
in colorectal tumorigenesis. Oncogene 28(10):1385–1392  

    Chen Q, Si Q, Xiao S, Xie Q, Lin J, Wang C et al (2013) Prognostic signifi cance of serum 
miR-17- 5p in lung cancer. Med Oncol 30(1):353  

    Cimmino A, Calin GA, Fabbri M, Iorio MV, Ferracin M, Shimizu M et al (2005) miR-15 and miR- 
16 induce apoptosis by targeting BCL2. Proc Natl Acad Sci U S A 102(39):13944–13949  

    Cortez MA, Bueso-Ramos C, Ferdin J, Lopez-Berestein G, Sood AK, Calin GA (2011) MicroRNAs 
in body fl uids–the mix of hormones and biomarkers. Nat Rev Clin Oncol 8(8):467–477  

    Eitan R, Kushnir M, Lithwick-Yanai G, David MB, Hoshen M, Glezerman M et al (2009) Tumor 
microRNA expression patterns associated with resistance to platinum based chemotherapy and 
survival in ovarian cancer patients. Gynecol Oncol 114(2):253–259  

    Esquela-Kerscher A, Slack FJ (2006) Oncomirs – microRNAs with a role in cancer. Nat Rev 
Cancer 6(4):259–269  

J. Wittmann



349

    Fabbri M, Bottoni A, Shimizu M, Spizzo R, Nicoloso MS, Rossi S et al (2011) Association of a 
microRNA/TP53 feedback circuitry with pathogenesis and outcome of B-cell chronic lympho-
cytic leukemia. JAMA 305(1):59–67  

    Farazi TA, Horlings HM, Ten Hoeve JJ, Mihailovic A, Halfwerk H, Morozov P et al (2011) 
MicroRNA sequence and expression analysis in breast tumors by deep sequencing. Cancer Res 
71(13):4443–4453  

    Franchina T, Amodeo V, Bronte G, Savio G, Ricciardi GR, Picciotto M et al (2013) Circulating 
miR-22, miR-24 and miR-34a as novel predictive biomarkers to pemetrexed-based chemotherapy 
in advanced non small cell lung cancer. J Cell Physiol 229(1):97–99  

    Fu TY, Chang CC, Lin CT, Lai CH, Peng SY, Ko YJ et al (2011) Let-7b-mediated suppression of 
basigin expression and metastasis in mouse melanoma cells. Exp Cell Res 317(4):445–451  

    Glud M, Klausen M, Gniadecki R, Rossing M, Hastrup N, Nielsen FC et al (2009) MicroRNA 
expression in melanocytic nevi: the usefulness of formalin-fi xed, paraffi n-embedded material 
for miRNA microarray profi ling. J Invest Dermatol 129(5):1219–1224  

    Gonzales JC, Fink LM, Goodman OB Jr, Symanowski JT, Vogelzang NJ, Ward DC (2011) 
Comparison of circulating MicroRNA 141 to circulating tumor cells, lactate dehydrogenase, 
and prostate-specifi c antigen for determining treatment response in patients with metastatic 
prostate cancer. Clin Genitourin Cancer 9(1):39–45  

    Gui J, Tian Y, Wen X, Zhang W, Zhang P, Gao J et al (2011) Serum microRNA characterization 
identifi es miR-885-5p as a potential marker for detecting liver pathologies. Clin Sci (Lond) 
120(5):183–193  

    Guo L, Zhao Y, Yang S, Cai M, Wu Q, Chen F (2013) Genome-wide screen for aberrantly expressed 
miRNAs reveals miRNA profi le signature in breast cancer. Mol Biol Rep 40(3):2175–2186  

    Gupta S, Bent S, Kohlwes J (2003) Test characteristics of alpha-fetoprotein for detecting 
hepatocellular carcinoma in patients with hepatitis C. A systematic review and critical analysis. 
Ann Intern Med 139(1):46–50  

    Hsu SH, Wang B, Kota J, Yu J, Costinean S, Kutay H et al (2012) Essential metabolic, anti- 
infl ammatory, and anti-tumorigenic functions of miR-122 in liver. J Clin Invest 122(8):2871–2883  

    Huggins C, Steven RE, Hodges CV (1941) Studies on prostatic cancer. II. The effects of castration 
on advanced carcinoma of the prostate gland. Arch Surg 43(2):209–223  

     Iorio MV, Ferracin M, Liu CG, Veronese A, Spizzo R, Sabbioni S et al (2005) MicroRNA gene 
expression deregulation in human breast cancer. Cancer Res 65(16):7065–7070  

    Iorio MV, Visone R, Di Leva G, Donati V, Petrocca F, Casalini P et al (2007) MicroRNA signatures 
in human ovarian cancer. Cancer Res 67(18):8699–8707  

    Janssen EA, Slewa A, Gudlaugsson E, Jonsdottir K, Skaland I, Søiland H et al (2010) Biologic 
profi ling of lymph node negative breast cancers by means of microRNA expression. Mod 
Pathol 23(12):1567–1576  

    Janssen HL, Reesink HW, Lawitz EJ, Zeuzem S, Rodriguez-Torres M, Patel K et al (2013) 
Treatment of HCV infection by targeting microRNA. N Engl J Med 368(18):1685–1694  

    Jiang X, Huang H, Li Z, He C, Li Y, Chen P et al (2012) MiR-495 is a tumor-suppressor microRNA 
down-regulated in MLL-rearranged leukemia. Proc Natl Acad Sci U S A 109(47):19397–19402  

    Jopling CL, Yi M, Lancaster AM, Lemon SM, Sarnow P (2005) Modulation of hepatitis C virus 
RNA abundance by a liver-specifi c MicroRNA. Science 309(5740):1577–1581  

    Kaduthanam S, Gade S, Meister M, Brase JC, Johannes M, Dienemann H et al (2013) Serum miR-
142- 3p is associated with early relapse in operable lung adenocarcinoma patients. Lung Cancer 
80(29):223–227  

    Klein U, Lia M, Crespo M, Siegel R, Shen Q, Mo T et al (2010) The DLEU2/miR-15a/16-1 cluster 
controls B cell proliferation and its deletion leads to chronic lymphocytic leukemia. Cancer 
Cell 17(1):28–40  

    Knudson AG Jr (1971) Mutation and cancer: statistical study of retinoblastoma. Proc Natl Acad Sci 
U S A 68(4):820–823  

   Köberle V, Kronenberger B, Pleli T, Trojan J, Imelmann E, Peveling-Oberhag J et al (2013) Serum 
microRNA-1 and microRNA-122 are prognostic markers in patients with hepatocellular 
carcinoma. Eur J Cancer. pii:S0959-8049(13)00462-0  

13 MicroRNAs and Clinical Implications in Cancer



350

    Lanford RE, Hildebrandt-Eriksen ES, Petri A, Persson R, Lindow M, Munk ME et al (2010) 
Therapeutic silencing of microRNA-122 in primates with chronic hepatitis C virus infection. 
Science 327(5962):198–201  

    Lech A, Daneva T, Pashova S, Gagov H, Crayton R, Kukwa W et al (2013) Ovarian cancer as a 
genetic disease. Front Biosci (Landmark Ed) 18:543–563  

    Lee EJ, Gusev Y, Jiang J, Nuovo GJ, Lerner MR, Frankel WL et al (2007) Expression profi ling 
identifi es microRNA signature in pancreatic cancer. Int J Cancer 120(5):1046–1054  

    Lee CH, Subramanian S, Beck AH, Espinosa I, Senz J, Zhu SX et al (2009) MicroRNA profi ling 
of BRCA1/2 mutation-carrying and non-mutation-carrying high-grade serous carcinomas of 
ovary. PLoS One 4(10):e7314  

    Leidinger P, Keller A, Borries A, Reichrath J, Rass K, Jager SU et al (2010) High-throughput 
miRNA profi ling of human melanoma blood samples. BMC Cancer 10:262  

    Li LM, Hu ZB, Zhou ZX, Chen X, Liu FY, Zhang JF et al (2010) Serum microRNA profi les serve 
as novel biomarkers for HBV infection and diagnosis of HBV-positive hepatocarcinoma. 
Cancer Res 70(23):9798–9807  

    Li J, Wang Y, Yu W, Chen J, Luo J (2011) Expression of serum miR-221 in human hepatocellular 
carcinoma and its prognostic signifi cance. Biochem Biophys Res Commun 406(1):70–73  

    Li L, Guo Z, Wang J, Mao Y, Gao Q (2012) Serum miR-18a: a potential marker for hepatitis B 
virus-related hepatocellular carcinoma screening. Dig Dis Sci 57(11):2910–2916  

    Lia M, Carette A, Tang H, Shen Q, Mo T, Bhagat G, Dalla-Favera R et al (2012) Functional 
dissection of the chromosome 13q14 tumor-suppressor locus using transgenic mouse lines. 
Blood 119(13):2981–2990  

    Lichtenstein P, Holm NV, Verkasalo PK, Iliadou A, Kaprio J, Koskenvuo M et al (2000) 
Environmental and heritable factors in the causation of cancer–analyses of cohorts of twins 
from Sweden, Denmark, and Finland. N Engl J Med 343(2):78–85  

    Lin Q, Chen T, Lin Q, Lin G, Lin J, Chen G et al (2013) Serum miR-19a expression correlates with 
worse prognosis of patients with non-small cell lung cancer. J Surg Oncol 107(7):767–771  

    Liu Q, Fu H, Sun F, Zhang H, Tie Y, Zhu J et al (2008) miR-16 family induces cell cycle arrest by 
regulating multiple cell cycle genes. Nucleic Acids Res 36(16):5391–5404  

    Liu AM, Yao TJ, Wang W, Wong KF, Lee NP, Fan ST et al (2012) Circulating miR-15b and miR- 
130b in serum as potential markers for detecting hepatocellular carcinoma: a retrospective 
cohort study. BMJ Open 2(2):e000825  

    Lowery AJ, Miller N, Devaney A, McNeill RE, Davoren PA, Lemetre C et al (2009) MicroRNA 
signatures predict oestrogen receptor, progesterone receptor and HER2/neu receptor status in 
breast cancer. Breast Cancer Res 11(3):R27  

    Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, Peck D et al (2005) MicroRNA expression 
profi les classify human cancers. Nature 435(7043):834–838  

    Luo X, Burwinkel B, Tao S, Brenner H (2011) MicroRNA signatures: novel biomarker for colorec-
tal cancer? Cancer Epidemiol Biomarkers Prev 20(7):1272–1286  

    Meng F, Henson R, Lang M, Wehbe H, Maheshwari S, Mendell JT et al (2006) Involvement of 
human micro-RNA in growth and response to chemotherapy in human cholangiocarcinoma 
cell lines. Gastroenterology 130(7):2113–2129  

    Meng F, Henson R, Wehbe-Janek H, Ghoshal K, Jacob ST, Patel T (2007) MicroRNA-21 regulates 
expression of the PTEN tumor suppressor gene in human hepatocellular cancer. Gastroenterology 
133(2):647–658  

    Mezzanzanica D, Canevari S, Cecco LD, Bagnoli M (2011) miRNA control of apoptotic programs: 
focus on ovarian cancer. Expert Rev Mol Diagn 11(3):277–286  

    Michael MZ, O’ Connor SM, van Holst Pellekaan NG, Young GP, James RJ (2003) Reduced 
accumulation of specifi c microRNAs in colorectal neoplasia. Mol Cancer Res 1(12):882–891  

    Migliore C, Petrelli A, Ghiso E, Corso S, Capparuccia L, Eramo A et al (2008) MicroRNAs impair 
MET-mediated invasive growth. Cancer Res 68(24):10128–10136  

     Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman SK, Pogosova-Agadjanyan EL et al (2008) 
Circulating microRNAs as stable blood-based markers for cancer detection. Proc Natl Acad Sci 
U S A 105(30):10513–10518  

J. Wittmann



351

    Munker R, Calin GA (2011) MicroRNA profi ling in cancer. Clin Sci (Lond) 121(4):141–158  
    Nakano H, Yamada Y, Miyazawa T, Yoshida T (2013) Gain-of-function microRNA screens 

identify miR-193a regulating proliferation and apoptosis in epithelial ovarian cancer cells. 
Int J Oncol 42(6):1875–1882  

    Ohyashiki JH, Ohyashiki K, Sandberg AA, Minowada J, Kinniburgh AJ (1987) Human-fms gene 
is retained in acute lymphoblastic leukemia cells with del(5)(q32). Cancer Genet Cytogenet 
25(2):341–350  

     Pagliuca A, Valvo C, Fabrizi E, di Martino S, Biffoni M, Runci D et al (2012) Analysis of the 
combined action of miR-143 and miR-145 on oncogenic pathways in colorectal cancer cells 
reveals a coordinate program of gene repression. Oncogene 32(40):4806–4813  

    Penna E, Orso F, Cimino D, Tenaglia E, Lembo A, Quaglino E et al (2011) microRNA-214 contributes 
to melanoma tumour progression through suppression of TFAP2C. EMBO J 30(10):1990–2007  

    Qi P, Cheng SQ, Wang H, Li N, Chen YF, Gao CF (2011) Serum microRNAs as biomarkers for 
hepatocellular carcinoma in Chinese patients with chronic hepatitis B virus infection. PLoS 
One 6(12):e28486  

    Qian X, Yu J, Yin Y, He J, Wang L, Li Q et al (2013) MicroRNA-143 inhibits tumor growth and 
angiogenesis and sensitizes chemosensitivity to oxaliplatin in colorectal cancers. Cell Cycle 
12(9):1385–1394  

    Qu KZ, Zhang K, Li H, Afdhal NH, Albitar M (2011) Circulating microRNAs as biomarkers for 
hepatocellular carcinoma. J Clin Gastroenterol 45(4):355–360  

    Radojicic J, Zaravinos A, Vrekoussis T, Kafousi M, Spandidos DA, Stathopoulos EN (2011) 
MicroRNA expression analysis in triple-negative (ER, PR and Her2/neu) breast cancer. Cell 
Cycle 10(3):507–517  

    Rothé F, Ignatiadis M, Chaboteaux C, Haibe-Kains B, Kheddoumi N, Majjaj S et al (2011) Global 
microRNA expression profi ling identifi es MiR-210 associated with tumor proliferation, 
invasion and poor clinical outcome in breast cancer. PLoS One 6(6):e20980  

    Sachdeva M, Zhu S, Wu F, Wu H, Walia V, Kumar S et al (2009) p53 represses c-Myc through 
induction of the tumor suppressor miR-145. Proc Natl Acad Sci U S A 106(9):3207–3212  

    Schetter AJ, Leung SY, Sohn JJ, Zanetti KA, Bowman ED, Yanaihara N et al (2008) MicroRNA 
expression profi les associated with prognosis and therapeutic outcome in colon adenocarcinoma. 
JAMA 299(4):425–436  

    Schotte D, Chau JC, Sylvester G, Liu G, Chen C, van der Velden VH et al (2009) Identifi cation of 
new microRNA genes and aberrant microRNA profi les in childhood acute lymphoblastic 
leukemia. Leukemia 23(2):313–322  

    Schrauder MG, Strick R, Schulz-Wendtland R, Strissel PL, Kahmann L, Loehberg CR et al (2012) 
Circulating micro-RNAs as potential blood-based markers for early stage breast cancer detection. 
PLoS One 7(1):e29770  

    Schultz J, Lorenz P, Gross G, Ibrahim S, Kunz M (2008) MicroRNA let-7b targets important cell 
cycle molecules in malignant melanoma cells and interferes with anchorage-independent 
growth. Cell Res 18(5):549–557  

    Segura MF, Belitskaya-Lévy I, Rose AE, Zakrzewski J, Gaziel A, Hanniford D et al (2010) Melanoma 
MicroRNA signature predicts post-recurrence survival. Clin Cancer Res 16(5):1577–1586  

    Selth LA, Townley S, Gillis JL, Ochnik AM, Murti K, Macfarlane RJ et al (2012) Discovery of 
circulating microRNAs associated with human prostate cancer using a mouse model of disease. 
Int J Cancer 131(3):652–661  

    Sempere LF, Christensen M, Silahtaroglu A, Bak M, Heath CV, Schwartz G et al (2007) Altered 
MicroRNA expression confi ned to specifi c epithelial cell subpopulations in breast cancer. 
Cancer Res 67(24):11612–11620  

    Shi XB, Xue L, Yang J, Ma AH, Zhao J, Xu M et al (2007) An androgen-regulated miRNA 
suppresses Bak1 expression and induces androgen-independent growth of prostate cancer 
cells. Proc Natl Acad Sci U S A 104(50):19983–19988  

    Shi XB, Xue L, Ma AH, Tepper CG, Kung HJ, White RW (2011) miR-125b promotes growth of 
prostate cancer xenograft tumor through targeting pro-apoptotic genes. Prostate 71(5):
538–549  

13 MicroRNAs and Clinical Implications in Cancer



352

    Shigoka M, Tsuchida A, Matsudo T, Nagakawa Y, Saito H, Suzuki Y et al (2010) Deregulation of 
miR-92a expression is implicated in hepatocellular carcinoma development. Pathol Int 
60(5):351–357  

    Sieuwerts AM, Mostert B, Bolt-de Vries J, Peeters D, de Jongh FE, Stouthard JM et al (2011) 
mRNA and microRNA expression profi les in circulating tumor cells and primary tumors of 
metastatic breast cancer patients. Clin Cancer Res 17(11):3600–3618  

    Sorrentino A, Liu CG, Addario A, Peschle C, Scambia G, Ferlini C (2008) Role of microRNAs in 
drug-resistant ovarian cancer cells. Gynecol Oncol 111(3):478–486  

    Taylor DD, Gercel-Taylor C (2008) MicroRNA signatures of tumor-derived exosomes as diagnostic 
biomarkers of ovarian cancer. Gynecol Oncol 110(1):13–21  

    Teng Y, Wang Y, Fu J, Cheng X, Miao S, Wang L (2011) Cyclin T2: a novel miR-15a target gene 
involved in early spermatogenesis. FEBS Lett 585(15):2493–2500  

    Tjensvoll K, Svendsen KN, Reuben JM, Oltedal S, Gilje B, Smaaland R et al (2012) miRNA 
expression profi ling for identifi cation of potential breast cancer biomarkers. Biomarkers 
17(5):463–470  

     Toiyama Y, Takahashi M, Hur K, Nagasaka T, Tanaka K, Inoue Y et al (2013) Serum miR-21 as a 
diagnostic and prognostic biomarker in colorectal cancer. J Natl Cancer Inst 105(12):849–859  

    Tomimaru Y, Eguchi H, Nagano H, Wada H, Tomokuni A, Kobayashi S et al (2010) MicroRNA-21 
induces resistance to the anti-tumour effect of interferon-α/5-fl uorouracil in hepatocellular 
 carcinoma cells. Br J Cancer 103(10):1617–1626  

    Tomimaru Y, Eguchi H, Nagano H, Wada H, Kobayashi S, Marubashi S et al (2012) Circulating 
microRNA-21 as a novel biomarker for hepatocellular carcinoma. J Hepatol 56(1):167–175  

    Tong MJ, Blatt LM, Kao VW (2001) Surveillance for hepatocellular carcinoma in patients with 
chronic viral hepatitis in the United States of America. J Gastroenterol Hepatol 16(5):553–559  

    Tsai WC, Hsu SD, Hsu CS, Lai TC, Chen SJ, Shen R et al (2012) MicroRNA-122 plays a critical 
role in liver homeostasis and hepatocarcinogenesis. J Clin Invest 122(8):2884–2897  

    Tsimberidou AM, Iskander NG, Hong DS, Wheler JJ, Falchook GS, Fu S et al (2012) Personalized 
medicine in a phase I clinical trials program: the MD Anderson Cancer Center initiative. Clin 
Cancer Res 18(22):6373–6383  

    Van der Auwera I, Limame R, van Dam P, Vermeulen PB, Dirix LY, Van Laere SJ (2010) Integrated 
miRNA and mRNA expression profi ling of the infl ammatory breast cancer subtype. Br J Cancer 
103(4):532–541  

    Volinia S, Calin GA, Liu CG, Ambs S, Cimmino A, Petrocca F et al (2006) A microRNA expression 
signature of human solid tumors defi nes cancer gene targets. Proc Natl Acad Sci U S A 
103(7):2257–2261  

      Wang P, Chen L, Zhang J, Chen H, Fan J, Wang K et al (2013) Methylation-mediated silencing of 
the miR-124 genes facilitates pancreatic cancer progression and metastasis by targeting Rac1. 
Oncogene. doi:  10.1038/onc.2012.598    . [Epub ahead of print]  

    Wiggins JF, Ruffi no L, Kelnar K, Omotola M, Patrawala L, Brown D et al (2010) Development of 
a lung cancer therapeutic based on the tumor suppressor microRNA-34. Cancer Res 
70(14):5923–5930  

    Wyman SK, Parkin RK, Mitchell PS, Fritz BR, O’Briant K, Godwin AK et al (2009) Repertoire of 
microRNAs in epithelial ovarian cancer as determined by next generation sequencing of small 
RNA cDNA libraries. PLoS One 4(4):e5311  

    Xu J, Wu C, Che X, Wang L, Yu D, Zhang T et al (2011) Circulating microRNAs, miR-21, 
miR- 122, and miR-223, in patients with hepatocellular carcinoma or chronic hepatitis. Mol 
Carcinog 50(2):136–142  

    Yamamichi N, Shimomura R, Inada K, Sakurai K, Haraguchi T, Ozaki Y et al (2009) Locked 
nucleic acid in situ hybridization analysis of miR-21 expression during colorectal cancer 
development. Clin Cancer Res 15(12):4009–4016  

    Yamamoto Y, Kosaka N, Tanaka M, Koizumi F, Kanai Y, Mizutani T et al (2009) MicroRNA-500 
as a potential diagnostic marker for hepatocellular carcinoma. Biomarkers 14(7):529–538  

J. Wittmann

http://dx.doi.org/10.1038/onc.2012.598


353

    Yaman Agaoglu F, Kovancilar M, Dizdar Y, Darendeliler E, Holdenrieder S, Dalay N et al (2011) 
Investigation of miR-21, miR-141, and miR-221 in blood circulation of patients with prostate 
cancer. Tumour Biol 32(3):583–588  

    Yan J, Jiang N, Huang G, Tay JL, Lin B, Bi C et al (2013) Deregulated MIR335 that targets 
MAPK1 is implicated in poor outcome of paediatric acute lymphoblastic leukaemia. 
Br J Haematol 163(1):93–103  

    Yanaihara N, Caplen N, Bowman E, Seike M, Kumamoto K, Yi M et al (2006) Unique microRNA 
molecular profi les in lung cancer diagnosis and prognosis. Cancer Cell 9(3):189–198  

    Yu S, Lu Z, Liu C, Meng Y, Ma Y, Zhao W et al (2010) miRNA-96 suppresses KRAS and 
functions as a tumor suppressor gene in pancreatic cancer. Cancer Res 70(14):6015–6025  

    Zanette DL, Rivadavia F, Molfetta GA, Barbuzano FG, Proto-Siqueira R, Silva-Jr WA et al (2007) 
miRNA expression profi les in chronic lymphocytic and acute lymphocytic leukemia. Braz 
J Med Biol Res 40(11):1435–1440  

    Zhang L, Volinia S, Bonome T, Calin GA, Greshock J, Yang N et al (2008) Genomic and epigenetic 
alterations deregulate microRNA expression in human epithelial ovarian cancer. Proc Natl 
Acad Sci U S A 105(19):7004–7009  

    Zhang H, Cai X, Wang Y, Tang H, Tong D, Ji F (2010) microRNA-143, down-regulated in 
osteosarcoma, promotes apoptosis and suppresses tumorigenicity by targeting Bcl-2. Oncol 
Rep 24(5):1363–1369  

    Zhao WG, Yu SN, Lu ZH, Ma YH, Gu YM, Chen J (2010) The miR-217 microRNA functions as 
a potential tumor suppressor in pancreatic ductal adenocarcinoma by targeting KRAS. 
Carcinogenesis 31(10):1726–1733  

    Zheng J, Dong P, Gao S, Wang N, Yu F (2012) High expression of serum miR-17-5p associated 
with poor prognosis in patients with hepatocellular carcinoma. Hepatogastroenterology 
60(123):549–552    

13 MicroRNAs and Clinical Implications in Cancer



355S. Babashah (ed.), MicroRNAs: Key Regulators of Oncogenesis, 
DOI 10.1007/978-3-319-03725-7_14, © Springer International Publishing Switzerland 2014

    Abstract     Breast cancer is the leading cause of cancer death in women worldwide. 
Gene expression studies have been used over the last decades to defi ne the signature 
of different breast cancer subtypes and to predict outcome and response to thera-
pies. Recently, microRNAs (miRNAs) have been linked to several human diseases, 
including cancer. An aberrant miRNA expression in breast cancer was fi rst reported 
in 2005. Now, an increasing body of experimental evidences supports the role of 
these small molecules in the tumorigenic process and their potential use as cancer 
specifi c biomarkers. Indeed, miRNAs are detectable as circulating molecules in the 
blood. In this chapter, we summarize our knowledge about the involvement of 
 miRNAs in breast cancer and their potential as diagnostic, prognostic and therapeutic 
tools.  
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1         Introduction 

 Breast cancer is one of the most frequent cancers worldwide and the most frequent 
affecting women. In 2012, 227,000 new cases of breast cancer were counted and 
39,500 people died from this neoplasm in United States (Siegel et al.  2012 ). Breast 
cancer is a heterogeneous disease, that comprehends several histotypes, character-
ized by different biological and phenotypic features and that presents different 
prognostic and therapeutic procedures. The currently used factors for breast cancer 
diagnosis, classifi cation and treatment include patient age, gender, menopausal status, 
lymph node status, tumor size, histological features (grade and type, peritumoral 
vascular invasion), hormone receptor status [Estrogen receptor (ER) and  progesterone 
receptor (PR) expression], proliferation index (Mib1) and HER2 over- expression/
amplifi cation, as provided by St. Gallen criteria (Goldhirsch et al.  2009 ), Nottingham 
Prognostic Index (Galea et al.  1992 ) and Adjuvant Online (  www.adjuvantonline.
com    ). The defi nition of these guidelines for patient risk stratifi cation, together with 
the improvement of chemotherapeutic regimens, enhanced breast cancer survival 
rate. However, these rules do not consider the individual molecular complexity of 
each neoplasm and for this reason some tumors belonging to a risk group do not 
behave in the expected way or do not respond to the chosen therapeutic strategy. 
The right prediction of aggressiveness and metastatic potential of a lesion are key 
factors in breast cancer patient management. The recent development of technologies 
(i.e. microarray, deep sequencing) helped in overcoming this problem. These methods 
are able to evaluate the global genomic and transcriptomic profi le of tissues and 
tumors. Indeed, specifi c genome-wide profi les created for each kind of breast tumor 
subtype, improved histotype classifi cation and prognosis defi nition (Perou et al.  2000 ; 
Koboldt et al.  2012 ; Curtis et al.  2012 ). 

 MicroRNAs (miRNAs) are a class of regulatory, non-coding small RNA that 
mainly post-transcriptionally regulate gene expression. The evaluation of cancer- 
specifi c miRNA profi les revealed to be useful in stratifying breast tumors. Breast 
cancer was among the fi rst tumor types for which the evaluation of miRNA profi le 
was performed. The miRNA microarray analysis has initially showed a panel of 29 
miRNAs that were deregulated in breast cancer, if compared to healthy breast tissue 
(Iorio et al.  2005 ). Interestingly, further studies on other human cancers found that 
several of the 29 miRNAs were deregulated in other neoplasms, indicating that this 
fi rst set of miRNAs could affect pathogenetic mechanisms potentially shared among 
tumors and suggesting the important role of miRNA in tumor development. 
Nowadays, the involvement of miRNAs in each step of cancerogenesis, from 
 transformation to metastatic spreading, is well known and universally recognized. 

 MiRNA profi ling has allowed for the identifi cation of signatures associated with 
the diagnosis, staging, progression, prognosis, and response to treatment of human 
tumors (Dvinge et al.  2013 ). The miRNA-based classifi er is much better than the 
mRNA classifi er at establishing the correct diagnosis for metastatic cancer of 
unknown primary site and for metastases coming from or retrieved inside breast 
tissue (Ferracin et al.  2011 ). The maintenance of a strong nucleus of tissue-specifi c 
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miRNAs after the spreading of cancer cells to distant sites is probably the reason 
why miRNA profi ling is more effective in the diagnosis of cancers of unknown 
primary site. In this chapter we review the role of miRNAs in breast cancer transfor-
mation, progression and their possible application in breast cancer diagnosis, prog-
nosis and therapy.  

2     Deregulation of MicroRNAs in Breast Cancer 

 Several miRNAs were demonstrated to play important roles in breast cancer develop-
ment (Le Quesne and Caldas  2010 ; Yu et al.  2010a ). Like protein-coding genes, 
miRNAs could be classifi ed as oncogenes (oncomiRs) or tumor suppressor genes, 
according to their expression levels in cancer and the cellular functions of miRNAs 
and their targets. In breast cancer, miR-145, miR-125, let-7 family and miR-200 
family are the most known tumor suppressor miRNAs, while among the oncomiRs 
we can remind miR-21 and miR-155 (Fig.  14.1 ).

  Fig. 14.1    MicroRNAs involved in specifi c processes linked to breast cancer, such as cancer pre-
disposition (genomic alterations), cancer phenotype (transcriptional profi le), cancer progression 
(metastatic miRNAs) and their release as circulating miRNAs in the blood of cancer patients (cir-
culating miRNAs) (Figure modifi ed from Elsevier (Ferracin and Calin  2011 ))       
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   MiR-125 is considered as a tumor suppressor in breast cancer, since it was found 
down-regulated in cancer, compared to normal mammary tissue (Iorio et al.  2005 ). 
Its tumor suppressor function was confi rmed by the fi nding that many miR-125 
targets, among which ERBB2, ERBB3 and MUC1, are frequently over-expressed in 
breast cancers, contributing to aggressiveness of the pathology (Scott et al.  2007 ). 

 Let-7 is a tumor suppressor miRNA and it was found to be down-regulated in 
several human neoplasms including breast cancer. It was demonstrated that let-7 is 
a negative regulator of several stemness properties and is reduced in breast tumor- 
initiating cells (BT-ICs). Indeed, its forced up-regulation decreased  proliferation, 
self-renewal and metastasizing capability of cells (Yu et al.  2007 ). Known targets of 
let-7 are ESR1 (Bhat-Nakshatri et al.  2009 ) and RAS (Johnson et al.  2005 ), two 
known oncogenes, supporting its tumor suppressive function. 

 The well-known oncogenic miR-17-92 cluster plays a controversial role in breast 
cancer. Li and colleagues demonstrated that the over-expression of miR-17-5p pro-
motes invasion of breast cancer cell lines (Li et al.  2011 ). In contrast, Yu and col-
leagues found a reduced expression of this cluster in breast tumors, if compared to 
normal tissue, and they proved that the cluster was able to inhibit cell proliferation 
and metastasizing capability by targeting cyclin D1 and IL-8 (Yu et al.  2008 ,  2010b ), 
suggesting a potential tumor suppressive role for these miRNAs. Further studies 
will be necessary to better elucidate the role of this cluster in breast cancer. However, 
these results indicate that the classifi cation of a miRNA, as tumor suppressor 
miRNA or oncomiR, is sometime diffi cult, since miRNAs are complex players in 
the molecular pathways of the cell and it is possible that they cooperate both in 
inducing and inhibiting oncogenic pathways.  

3     MicroRNA Profi le of Breast Cancer Subtypes 

 Some miRNA expression studies have been performed in order to fi nd molecular 
profi les able to distinguish among different breast cancer subtypes and clinical- 
pathological features (Blenkiron et al.  2007 ). The expression of specifi c miRNAs 
has been associated to the activity of ER, PR and epidermal growth factor 2 receptor 
(HER2). These three receptors are key elements for breast cancer patient manage-
ment. Indeed, their expression is routinely evaluated and contributes to defi ne breast 
cancer diagnosis, prognosis and therapeutic regimen. In particular, triple-negative 
breast cancers (ER-/PR-/HER2-) are usually more aggressive and associated with 
poor prognosis, while neoplasms over-expressing at least one of the three receptors 
are characterized by better prognosis (because drugs targeting these molecules are 
available and effective in treating positive cancers). 

 It has been demonstrated that specifi c miRNAs can regulate the expression of 
estrogen, progesterone and epidermal growth factor 2 receptors. Several groups per-
formed microarray miRNA profi ling of breast cancers characterized by different 
ER, PR and HER2 status, in order to identify miRNAs associated with these fea-
tures (Iorio et al.  2005 ; Mattie et al.  2006 ; Lowery et al.  2009 ). We discuss here 

M. Ferracin and L. Lupini



359

some results that emerged from these and other studies, in order to highlight the 
miRNAs that infl uence receptors expression in breast cancer. 

 Among the miRNAs targeting ER, we remind miR-22 (Pandey and Picard  2009 ; 
Xiong et al.  2010 ) and miR-145 (Spizzo et al.  2010 ). On the other hand, some miRNAs 
are regulated by ERα itself (miR-21, miR-181, miR-26) (Bhat-Nakshatri et al.  2009 ; 
Maillot et al.  2009 ; Wickramasinghe et al.  2009 ), establishing an interesting regulatory 
loop. Finally, there are some miRNAs including let-7 (Zhao et al.  2011 ; Bhat-
Nakshatri et al.  2009 ), miR-17-92 cluster, miR-106a/363 (Castellano et al.  2009 ), 
miR-221/222 (Zhao et al.  2008 ; Di Leva et al.  2010 ) and miR-206 that are both 
regulated and regulating, suggesting the presence of feedback loops acting on ER path-
way. Just to give an example, miR-206 (a miRNA found up-regulated in ER- tumors) 
targets ERα mRNA and its expression is impaired by ER agonists (Adams et al.  2007 ; 
Kondo et al.  2008 ). Moreover, this miRNA seems to play a role in the repression of 
estrogenic response mediated by epidermal growth factor (EGF) in MCF-7 that is 
responsible for the switch from luminal-A to basal-like phenotype (Adams et al.  2009 ). 

 To what concern the other two receptors, miR-26 and miR-181, two miRNAs 
down-regulated by estrogen treatment in MCF-7 cells, are able to modulate PR 
(Maillot et al.  2009 ). HER2 is a direct target of miR-125 (Scott et al.  2007 ) and its 
expression is indirectly reduced by miR-205, a miRNA that targets HER3, belong-
ing to the same family of HER2 (Iorio et al.  2009 ). All these fi ndings highlight the 
important contribution of miRNAs in defi ning the molecular subtypes and the 
clinical- pathological features of breast neoplasms and could represent important 
molecular targets in breast cancer management.  

4     Role of MicroRNAs in Epithelial-Mesenchymal 
Transition and Metastasis 

 Important features of tumor aggressiveness are epithelial-mesenchymal transition 
(EMT) and metastatic capability. EMT is a process where epithelial cells lose their 
epithelial features, cell polarity and cell adhesion, and become mesenchymal cells, 
gaining migratory capability, invasive potential and, fi nally, metastasize. Breast 
cancers presenting an invasive phenotype or metastasis at diagnosis are character-
ized by poor prognosis. Several miRNAs play important role in regulating EMT and 
metastasis in breast cancer (Fig.  14.1 ). 

 MiR-10b was found highly expressed in breast cancer metastases and it was dem-
onstrated that its expression is under the control of Twist, a transcription factor impli-
cated in EMT process. MiR-10b up-regulation inhibits HOXD10 protein translation 
and induces RHOC expression, leading to an invasive and metastatic behavior of tumor 
cells (Ma et al.  2007 ). Furthermore, antagomiR-10b administration in a mouse-model 
of breast cancer induced a reduction in tumor proliferation and metastasis formation, 
introducing the promising role of miRNAs as therapeutic targets (Ma et al.  2010 ). 

 Other metastasis-promoting miRNAs are miR-373 and miR-520c (Huang et al. 
 2008 ). It was demonstrated that they are able to promote migration and invasion 
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capability of MCF-7 breast cancer cell lines, by directly suppressing of CD44, a 
cell-surface glycoprotein involved in cell-cell interactions. Supporting this thesis, 
increased levels of miR-373 and CD44 reduction were found together in human 
metastatic breast cancers. 

 The well-known oncomiR-21 was extensively studied for its involvement in 
breast cancer development, because it is a master regulator of cell proliferation and 
survival. In addition, it is mightily implicated in metastasis, since it targets TPM1, 
a component of cytoskeleton (Zhu et al.  2008 ), maspin and PDCD4 (Lu et al.  2008 ; 
Qi et al.  2009 ) that are inhibitors of the pro-metastatic factor UPAR, and PTEN and 
TIMP3 (Qi et al.  2009 ), inhibitors of matrix metalloproteinases. 

 Other important pro-metastatic miRNAs belong to miR-103/107 family, whose 
high levels are associated with metastasis and poor outcome in breast cancer. 
Martello and colleagues proved that injection of miR-103/107 antagomiR in a breast 
cancer xenograft in mouse induced a reduction of number of metastatic foci in the 
animal. They also demonstrated that down-regulation of Dicer, a molecular target of 
miR-103/107, and the consequent global down-regulation of miRNAs biosynthesis, 
played an important role in metastatic effects induced by these miRNAs. Further, 
miR-103/107 promoted epithelial-to-mesenchymal transition by down-regulating 
miR-200 levels (Martello et al.  2010 ). 

 MiR-200 and miR-205 are frequently down-regulated in breast cancer, compared 
to healthy mammary tissue. It was demonstrated that they are able to protect cells 
from EMT by targeting ZEB1 and ZEB2, two strong activators of epithelial to mesen-
chymal transition (Gregory et al.  2008 ; Korpal et al.  2008 ; Park et al.  2008 ). Indeed, 
down-regulation of miR-200 family was associated with metastasis development in 
breast cancer, while miR-205 induction was responsible for a reduced invasion capa-
bility of breast cancer cell lines and  in vivo  metastasis formation (Gregory et al.  2008 ) 
and it has an important role in triple negative breast cancers (Piovan et al.  2012 ). 

 MiR-335 and miR-126 were found to be anti-metastatic miRNAs through the 
comparison of metastatic nodules versus primary tumors. Indeed, the two miRNAs 
showed reduced levels in metastasis and their normal expression in primary tumors 
correlated with increasing metastasis-free time. They were able to counteract metas-
tasis development by blocking expression of SOX4 and TNC (Tavazoie et al.  2008 ). 
Similarly, miR-17-92 clusters seemed to play an anti-metastatic role in breast can-
cer, as previously discussed. 

 Altogether, these fi ndings suggest that miRNAs play very crucial roles in inva-
sion capability and metastatic development of cancer and for this reason they could 
be considered interesting targets for anti-cancer-tailored therapies.  

5     Circulating MicroRNAs as Novel Diagnostic Markers 

 One of the major challenges in molecular oncology is the employment of miRNAs 
as biomarkers for early diagnosis of cancer. Until now, only few proteins have been 
used in the clinic as blood cancer biomarkers. MiRNAs are released in the blood 
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from cancer cells, and they have a good potential of being employed for this 
purpose, since it was demonstrated that they are stable in human serum and plasma 
(Mitchell et al.  2008 ). Furthermore, it has been found that they are differentially 
represented in cancer patients compared to healthy controls. Concerning breast 
cancer, blood levels of several miRNAs were found differentially released in cancer 
patients compared to healthy controls (Chan et al.  2013 ; Cuk et al.  2013 ). Figure  14.1  
summarizes the miRNAs that are deregulated in breast cancer and released into the 
circulation. As can be noticed, the circulating miRNA profi le does not match the 
expression profi le of solid tumors (Cookson et al.  2012 ). 

 Detection of miRNAs in serum or plasma for the early diagnosis of cancer is a 
very promising tool. However many issues should be solved before this tool could 
enter into the clinic. First of all, different technologies (RT-qPCR, digital PCR, 
microarray, next-generation sequencing) are now available for the evaluation of 
miRNA expression in the blood, but it was recently demonstrated that results of the 
same pathological condition achieved with different technologies and different 
preparation methods are very different. This is due to the fact that technical issues 
can dramatically infl uence the results of analysis. For this reason, the optimization 
of many preanalytical and analytical variables is necessary. As a consequence of the 
lack of optimized protocols, the majority of published studies do not reciprocally 
confi rm their fi ndings (Chan et al.  2013 ; Madhavan et al.  2013 ).  

6     MicroRNAs as Prognostic Tools in Cancer 

 Several studies have demonstrated the potential of using miRNA to predict progno-
sis of human cancers. Some miRNAs have been negatively or positively associated with 
prognostic endpoints. MiR-21 is one of the most studied oncomiRs and its expression 
was linked to poor prognosis in several human cancers (Krichevsky and Gabriely  2009 ). 
In breast cancer, miR-21 over-expression correlates with negative hormone receptor 
status, advanced tumor stage, high grade, lymph node metastasis and poor survival 
(Yan et al.  2008 ; Qian et al.  2009 ). These fi ndings clearly suggest that miR-21 over-
expression is a negative prognostic factor. A similar function is suspected for miR-210, 
a miRNA whose transcription is induced by HIF-1 in hypoxic conditions 
(Kulshreshtha et al.  2007 ). A higher expression of this miRNA was associated with 
a shorter disease-free time, overall-survival (Camps et al.  2008 ) and time-to-metastasis 
in lymph node negative patients (Foekens et al.  2008 ). An opposite role has been 
described for miR-30c, whose expression was found to be an independent predictor of 
progression-free survival in a large cohort of advanced ER+ breast cancer patients 
treated with tamoxifen (Rodriguez-Gonzalez et al.  2011 ). Despite these promising 
fi ndings, the use of miRNA expression as prognostic tool is not yet in clinical practice. 

 Being better than individual miRNAs, miRNA profi les (i.e. a panel of miRNAs) 
could constitute more effective prognostic factors. Gene expression profi ling has 
been used since 2000 to study breast cancer biology and to fi nd gene signatures able 
to distinguish between different subtypes. Perou et al. ( 2000 ) performed the fi rst 
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microarray analysis of 65 breast cancer samples allowing the identifi cation of fi ve 
different “intrinsic” subtypes, characterized by different gene expression profi les: 
luminal A, luminal B, basal-like, HER2-enriched and normal-like. These profi les, 
confi rmed also by subsequent studies, were able to depict different kinds of breast 
cancer, associated with different prognosis and clinical course. Later, also Blenkiron 
and colleagues performed gene-expression and miRNA analysis using microarray 
technology on 51 breast cancer samples. Starting from gene-expression results, he 
classifi ed the samples according to Perou’s profi le and compared miRNA expres-
sion analysis in samples belonging to different subtypes, allowing the identifi cation 
of several subtypes-related miRNAs (Blenkiron et al.  2007 ). This discovery sug-
gested that Perou’s classifi cation could be improved adding miRNA expression 
results to gene expression profi les. 

 Besides predicting prognosis of breast cancer, miRNA profi ling was demon-
strated to be a good tool also to predict therapeutic response. The identifi cation of 
neoplasms that will respond to a given chemotherapeutic drug is extremely impor-
tant to reduce breast cancer morbidity and mortality. Using the gene-expression data 
from NCI-60 panel of cell lines tested for sensitivity to several drugs, Salter and 
colleagues developed mRNA and miRNA profi les associated with resistance to che-
motherapeutic agents and validated their results in a cohort of 133 breast cancer 
patients treated with TFAC (paclitaxel, 5-fl uorouracil, adriamycin, and cyclophos-
phamide) regimen. Profi les-derived predictions were compared with predictions 
based on traditional criteria (ER, PR, HER2 and Topoisomerase IIA expression 
levels), suggesting the importance of integrating classical prediction methods with 
new molecular tests and concluding that molecular profi ling could represent a ratio-
nal strategy to identify alternative therapeutic opportunities (Salter et al.  2008 ). In 
another study, miRNA expression profi le of doxorubicine-resistant versus sensitive 
MCF-7 breast cancer cell line was performed and it was found that resistant cells 
over-express miR-106, miR-21, miR-206 and miR-28, while they down-regulate 
miR-127, miR-200c, miR-34a, miR-27b and let-7. Moreover, they demonstrated 
that miR-451, whose expression was lost in resistant cells, targets multidrug resis-
tance 1 gene (mdr1/ABCB1) (Kovalchuk et al.  2008 ). 

 With similar approaches, two studies found miRNAs involved in tamoxifen and 
cisplatin resistance: Miller and colleagues studied miRNAs related to tamoxifen 
sensitivity, fi nding miR-221, miR-222 and miR-181 among the up-regulated miR-
NAs in resistant cells and miR-21, miR-342 and miR-489 among the down- regulated 
ones (Miller et al.  2008 ). Pogribny et al. ( 2010 ) performed miRNA profi ling of cis-
platin-resistant and sensitive MCF-7 cell lines and identifi ed a large panel of miR-
NAs between the two phenotypes. In another study, aimed at identifying miRNAs 
associated with chemotherapy response in ovarian cancers, let-7i down- regulation 
emerged to be associated to cisplatin resistance both in ovarian and breast tumors 
(Yang et al.  2008 ). Other miRNAs related to chemoresistance are miR-125b, that was 
able to reduce taxol sensitivity (Zhou et al.  2010 ), and miR-155 that targets the proapop-
totic gene FOXO3 and was able to induce doxorubicine resistance (Kong et al.  2010 ). 

M. Ferracin and L. Lupini



363

 Many of the above mentioned studies were performed only in cellular models of 
breast cancer. A further validation in clinical samples is therefore necessary to 
identify miRNAs that could really infl uence therapeutic decisions. Indeed, these 
fi ndings clearly highlight the complexity of the scenario where several miRNA 
concur in determining sensitivity or resistance to chemotherapeutics. However, 
the potential of miRNAs expression profi le as a tool to predict prognosis seems to 
be achievable very soon and constitutes a real tool to improve clinical patient 
management.  

7     MicroRNAs as Therapeutic Targets or Therapeutic Agents 

 Since their fi rst discovery, miRNAs were considered of special interest as cancer 
therapeutics. Indeed, the modulation (induction or inhibition) of a single miRNA is 
able to change the expression of hundreds of target genes in the cell. Moreover, their 
small size, high stability and endogenous nature, indicate they have suitable features 
to be used as therapeutic molecules. MiRNAs represent interesting targets in cancer 
treatment with two possible approaches: silencing of an over-expressed miRNA or 
introduction of a down-regulated miRNA. 

 To inhibit miRNA activity, different molecules have been tested and demon-
strated their effi cacy in  in vitro  and/or in  in vivo  models: anti-miRs (AMO), 
antagomiRs, locked-nucleic acid (LNA), sponge vectors; they have different molec-
ular structures, but they are all able to block their target miRNA by directly linking 
mature miRNA sequences via complementarity. For example, the administration of 
antagomiR-10b in breast tumor-bearing mice was demonstrated to reduce metasta-
sis formation (Ma et al.  2010 ). 

 The restoration of a down-regulated miRNA in tumor cells could be achieved in 
different ways. In cellular models, the simple transfection of pre-miR precursors is 
effective, while for  in vivo  delivery different kind of miRNA-expressing vectors 
have been studied. It was demonstrated that miR-145 transfection in different kind 
of breast cancer cell lines induced a signifi cant block of cancer cell proliferation and 
enhanced apoptosis (Spizzo et al.  2010 ). In another study adeno-associated virus 
(AAV) expressing miR-26a was proved to be effective in reducing liver-tumor 
growth in mice, without relevant toxicity (Kota et al.  2009 ). Another interesting 
possibility for cancer therapy is the use of miRNA-dependent oncolytic vectors, that 
take advantage of our knowledge on cancer-specifi c miRNAs to control the viral 
infection (Callegari et al.  2013 ). 

 Even if some issues have yet to be extensively considered, like target delivery 
and systemic toxicity, several studies involving miRNAs as cancer therapeutics 
have been performed (Tong and Nemunaitis  2008 ) and some clinical trials have 
been approved (  www.clinicaltrials.gov    ), highlighting the promising role of miR-
NAs in tumor treatment in the future.  
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8     Conclusions 

 MiRNA global expression profi ling could be used for the classifi cation of breast 
cancers, establishing specifi c diagnoses and offering prognostic values. Recent 
studies have demonstrated that circulating miRNAs could serve as biomarkers for 
the early diagnosis of tumors. Moreover, they represent interesting targets for a 
new-generation of targeted therapies. For all these reasons, miRNAs appear to be a 
very promising tool in each step of breast cancer management.     
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    Abstract     The clinical use of microRNAs (miRNAs) as diagnostic tools for example 
for tumor classifi cation or as prognostic markers is becoming increasingly established. 
In addition, recent studies demonstrated that miRNAs could be used as new therapeutic 
approach in anticancer treatment including the highly interesting aspect that is 
regulated by miRNAs: resistance to chemo- and radiotherapy. This chapter aims to 
elucidate the impact of miRNAs on drug resistance from a clinical point of view, 
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and to highlight their potential role as predictors or modifi ers of resistance towards 
chemotherapeutics and radiotherapy. Therefore, we selected exemplary two different 
tumor types that present either high or low resistance to chemotherapeutic treatment: 
esophageal cancer (highly therapy resistant tumor) and ovarian cancer (quite therapy 
sensitive tumor).  

  Keywords     MicroRNA   •   Drug resistance   •   Esophageal cancer   •   Ovarian cancer   • 
  Predictor   •   Modifi er  

1         Introduction 

 MicroRNAs (miRNAs) are a novel class of regulatory molecules that control trans-
lation and stability of mRNAs on a post-transcriptional level. MiRNAs are involved 
in almost all physiological processes such as cell development or differentiation. 
So far, more over 1,000 human miRNAs have been identifi ed (Kozomara and 
Griffith- Jones  2011 ), and each single miRNA can target hundreds of mRNAs 
(Li and Yang  2013 ). However, most importantly from a clinical point of view, miRNAs 
are highly involved in the initiation and progression of cancer by regulating for 
example metastasis and angiogenesis amongst others. Interesting in this context is 
that hundreds of miRNAs map to regions of the human genome that are known to 
be altered in cancer (Calin et al.  2004 ). Esquela-Kerschner et al. even established 
the term “oncomiRs” for miRNAs with oncogenic function, implying that abnormalities 
in miRNA expression might directly result in the de-differentiation of cells, allowing 
tumor formation to occur (Esquela-Kerschner and Slack  2006 ). 

1.1     General Considerations: miRNAs and Their Clinical 
Use in Cancer Diagnostics and Treatment 

 Most oncological studies in the recent past investigated miRNA expression pattern 
in fresh frozen samples such as tumor biopsies or resection specimens, but miRNAs 
can also be detected and extracted from other sample types such as paraffi n- 
embedded tissues (Iorio and Croce  2012 ). Most interestingly for clinicians, miRNAs 
can further be found as so called “Circulating miRNA” in a variety of human body 
fl uids in healthy volunteers and cancer patients (Fang et al.  2012 ; Weber et al.  2010 ; 
Xiao et al.  2013 ; Allegra et al.  2012 ; Iorio and Croce  2012 ). These circulating 
miRNAs, which are surprisingly stable (Mo et al.  2012 ; Kim and Reitmair  2013 ) 
and can be detected even in 10-year-old human serum samples or in un-refrigerated 
dried serum blots (Cortez et al.  2011 ), are tissue-specifi c, stable, reproducible and 
consistent among individuals in the same species (Fang et al.  2012 ). In cancer 
patients, circulating miRNAs are thought to be mainly related to apoptosis and 
necrosis of cancer cells in the tumor microenvironment (Kim and Reitmaier  2013 ), 
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and miRNA expression profi les of primary tumors and metastases seem very similar 
(Rosenwald et al.  2010 ). 

 With this in mind, the clinical use of miRNAs as diagnostic tools for example 
for tumor classifi cation or as prognostic markers seems logical and feasible. In addi-
tion, latest research provides fi rst very promising data that miRNAs could be used 
as new therapeutic approach in the fi ght against cancer as for example knockdown 
of oncomirs can affect tumor growth. In this context, only recently the focus has 
been turned on another highly interesting aspect that is regulated by miRNAs: resistance 
to chemo- and radiotherapy. 

 This chapter aims to elucidate the impact of miRNAs on drug resistance from a 
clinical point of view, and to highlight their potential role as predictors or modifi ers 
of resistance towards chemotherapeutics and radiotherapy. Therefore, we selected 
exemplary two different tumor types that present either high or low resistance 
to chemotherapeutic treatment: (a) esophageal cancer, as a highly therapy resistant 
tumor with a complete response to neoadjuvant therapy in only about 13–25 % of 
all patients (Courrech Staal et al.  2010 ) and (b) ovarian cancer, as a quite therapy 
sensitive tumor with complete response to adjuvant therapy in about 80–90 % of the 
patients (Ozols  2005    ).  

1.2     High Versus Low Resistant Tumors: On Overview 
About the Clinical Background 

1.2.1     Esophageal Cancer 

 Esophageal cancer (EC) is characterized by a poor overall prognosis. Because of 
the high incidence of advanced disease at the time of diagnosis, the 5-year sur-
vival rate remains below 15 % and only about 15–20 % of patients fi nally qualify 
for curative surgical resection. In an attempt to improve outcome of patients after 
surgery and to potentially increase the number of patients who qualify for surgery 
by downstaging of the tumor, neoadjuvant therapy including chemotherapy and 
radiotherapy has been demonstrated to potentially advance overall survival for 
both histological subtypes adenocarcinoma (AdenoCA) and squamous cell carci-
noma (SCC) (Urschel and Vasan  2003 ; Fiorica et al.  2004 ; Sjoquist et al.  2011 ). 
However, a complete pathologic response as determined by the “tumor regression 
grade TRG” can only be achieved in about 13–25 % of all patients (Courrech 
Staal et al.  2010 ). 

 There are several miRNAs that have been reported to be differentially expressed 
in esophageal cancer, with (prognostic and diagnostic) associations to tumor stage 
(Lin et al.  2012 ), histological differentiation (Hummel    et al.  2011a ; Lin et al.  2012 ), 
distant lymph node metastasis (Hummel et al.  2011a ; Liu et al.  2012a ), vascular 
invasion (Komatsu et al.  2011 ), overall and disease-free survival (Komatsu et al. 
 2012 ; Takeshita et al.  2013 ; Zhang et al.  2011 ) and tumor recurrence (Komatsu et al. 
 2011 ; Hummel et al.  2011a ). Additionally, a number of serum miRNAs were 
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described as potential diagnostic biomarkers (Komatsu et al.  2011 ; Takeshita et al. 
 2013 ; Zhang et al.  2011 ; Liu et al.  2012a ; Cai et al.  2012 ; Wang and Zhang  2012 ; 
Zhang et al.  2010 ,  2012 ; Revilla-Nuin et al.  2013 ).  

1.2.2     Ovarian Cancer 

 Ovarian cancer is one of the most aggressive female reproductive tract tumors. 
The prognosis depends on the stage of the disease and on histological and molecular 
characteristics. Platinum based chemotherapy agents, namely cisplatin and carbo-
platin, are widely used for the treatment of ovarian cancer. For advanced-stage 
disease, taxanes (e.g. paclitaxel, docetaxel) are often supplemented (van Jaarsveld 
et al.  2010 ). Despite the fact that a complete clinical response can be achieved in 
80–90 and 50 % of patients with early-stage or advanced-stage disease, respec-
tively, (Ozols  2005 ), ovarian cancer patients frequently develop resistance to 
chemotherapy, often resulting in a poor overall 5-year survival of only 30 % 
(Moss and Kaye  2002 ). 

 Several studies showed aberrantly expressed miRNAs in ovarian cancer and 
established a connection to histological subtypes (Lee et al.  2012 ; Zaman et al. 
 2012 ; Iorio et al.  2007 ), tumor stage or grade (Yang et al.  2012 ), primary or recurrent 
tumors (Hu et al.  2009 ), and survival (Hong et al.  2013 ; Peng et al.  2012 ; 
Lee et al.  2012 ; Marchini et al.  2011 ; Nam et al.  2008 ). Again, miRNAs could also 
be identifi ed as diagnostic and prognostic biomarkers in serum (Xu et al.  2013 ; 
Resnick et al.  2009 ; Chang et al.  2012 ; Peng et al.  2012 ).    

2     Clinical Application of miRNAs as Diagnostic 
Tools: MicroRNAs as Predictors of Response 
to Conventional Treatments 

 As outlined above, one highly promising clinical application of miRNAs as diagnostic 
tools involves their potential to predict response to conventional treatment such as 
chemotherapy and radiotherapy. If it might be possible to identify responders 
and non-responders before the start of neoadjuvant or adjuvant treatment, cancer 
therapy could be tailored more individually. Patients who do not benefi t from 
chemotherapy or irradiation would not have to undergo this toxic treatment, and 
could be referred immediately to curative surgical resection. The use of miRNAs as 
predictors of therapy response implicates however that chemotherapy or radiotherapy 
resistant tumors exhibit distinct miRNA expression pattern that distinguishes them 
from sensitive tumors. These differences in miRNA expression would be necessary 
to allocate patients into the responder and non-responder groups. And indeed, there 
is growing evidence that chemo- and radiotherapy resistant tumors show specifi c 
pattern of miRNA deregulation, both  in vitro  and  in vivo . 
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2.1     Experimental  In Vitro  Data 

 We found only one study that investigated the direct effect of chemotherapy 
treatment on miRNA expression in one adenocarcinoma and one squamous cell 
carcinoma cell lines after treatment with either cisplatin or 5-fl uorouracil for 
24/72 h. The authors could show that 13 miRNAs (miR-199a-5p, miR-302f, 
miR-320a, miR-342-3p, miR-425, miR-455-3p, miR-486-3p, miR-519c-5p, 
miR-548d-5p, miR-617, miR-758, miR-766, miR-1286) were deregulated after 
short-term or long- term treatment in either of the cell lines (Hummel et al.  2011b ). 
However, a number of studies were published that report different miRNA 
expression pattern between drug resistant and sensitive cells. For example, com-
paring two cisplatin resistant human esophageal squamous cell lines (that were 
generated via exposure of sensitive cells to the chemotherapeutic drug) with con-
trols, Sugimura et al. identifi ed a total of 365 miRNAs to be differentially 
expressed between resistant and sensitive cells, with more than 1.7-fold changes 
in expression of 128 respectively 177 miRNAs. Most interestingly, 15 miRNAs 
showed an overlap between the two resistant cell lines with regards to their 
deregulation: miR-135a, miR-96, miR-141, miR-101, miR-146a, miR-489 and 
miR-545 were up-regulated, whereas miR-99a, let-7b, miR-204, let-7c, miR-
202, miR-10a, miR-136 and miR-145 were down- regulated in both cisplatin-
resistant cell limes (Sugimura et al.  2012 ). Another study reported that miR-141, 
miR-21, miR-19b, miR-200a, miR-19a, miR-27a, miR-20a and miR-20b were 
expressed at signifi cantly higher levels, and miR-205 and miR- 224 at signifi -
cantly lower levels in cells with increasing resistance towards cisplatin. In this 
context, most profound deregulation was found for miR-141 (Imanaka et al. 
 2011 ). Concerning altered miRNA profi les in radioresistant cells, Zheng et al. 
compared a radioresistant squamous cell carcinoma cell line with controls and 
found 35 miRNAs to be deregulated: 10 miRNAs (miR-1539, miR-1237, miR-
92b, etc.) were up-regulated, and 25 miRNAs (miR-185, miR-18b, miR-17, etc.) 
were down- regulated (Zheng et al.  2011 ). 

 For ovarian cancer, there are a number of reports published on deregulated 
miRNAs in chemotherapy resistant cell lines. For example, Kumar et al. com-
pared sensitive human ovarian cancer cells and their cisplatin-resistant counter-
parts and found changes in the expression of 11 miRNAs out of 1,500 miRNAs, 
with miRplus- F1064, miR-300, miR-193b, miR-642 and miR-1299 being up-
regulated and miR-625, miR-20b, miRPlus-F1147, let-7c, miRPlus-F1231 and 
miR-542-3p being down-regulated (Kumar et al.  2011 ). Van Jaarsveld reported 
27 miRNAs to be differentially expressed in cells with increasing resistance 
towards cisplatin: miR-214, miR-412, miR-645, miR-17, miR-106a, miR-
199a-5p, miR-215, miR-199a/b-3p, miR-335, miR-338-5p, miR-493, miR-
135b, miR-130a, miR-186, miR-942, miR- 18b, miR-20b, miR-196a, miR-10b, 
miR-19a, miR-421, miR-19b, miR-518e, miR- 631, miR-222, miR-141 and 
miR-200c (van Jaarsveld et al.  2012 ). Another study identifi ed diversely 
expressed miRNAs in resistant cell lines using one cisplatin- resistant and three 
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paclitaxel-resistant cell lines: let-7e, miR-30c, miR-125b, miR- 130a and miR-
335. Interestingly, let-7e was up-regulated in one of the paclitaxel resistant cell 
line, while it was down-regulated in the other resistant cell lines. The opposite 
phenomenon was described for miR-125b, which was down-regulated in one 
paclitaxel resistant cell line and up-regulated in the other ones. MiR-30c, miR- 
130a and miR-335 were down-regulated in all the resistant cell lines (Sorrentino 
et al.  2008 ). Yang et al. detected 79 differently expressed miRNAs in a cisplatin- 
resistant cell line, including miR-130a associated with MDR1/P-gp-mediated 
drug resistance (Yang et al.  2012 ). 

 These experimental  in vitro  data clearly support the hypothesis that chemotherapy 
or radiotherapy resistant tumors present unique miRNA expression pattern that 
might allow identifi cation of therapy responders based on profi ling information in 
tumor cells. With regard to either high or low resistant tumors, 53 miRNAs were 
described in esophageal cancer to correlate with resistance, and 124 miRNAs were 
associated with response to therapy in ovarian cancer cells. Most interestingly, 18 
miRNAs were identifi ed in more than one study to present altered expression 
between resistant and sensitive tumors  in vitro , with a few of them even presenting 
similar deregulation pattern when comparing esophageal (high resistant) and 
ovarian (low resistant) cancer. Table  15.1  provides an overview about these 18 
miRNAs that seem to highly impact on drug resistance   .

Imanaka
et al.
(2011)

Sugimur
a et al.
(2012)

Kumar et 
al. (2011) 

Sorrentino
et al. (2008)

Yang et al.
(2012)

van
Jaarsveld

et al. (2012)

van
Jaarsveld

et al. (2012)

SCC SCC OvarianCA OvarianCA OvarianCA OvarianCA OvarianCA

Cisplatin Cisplatin Cisplatin Cisplatin Cisplatin Cisplatin Paclitaxel

miR-19a
miR-20a
miR-20b
miR-21
miR-27a
miR-30c
miR-99a
miR-101
miR-106a
miR-125b
miR-130a
miR-141
miR-193b
miR-205
miR-222
miR-335
Let-7c
Let-7e

        a  To provide a better overview only 18 out of 177 miRNAs, which were found more than once were 
cited. Red cell: up-regulation of miRNA; green cell: down- regulation of miRNA. SCC: esophageal 
squamous cell carcinoma  

  Table 15.1    Summary of microRNA profi les in drug resistance cells for two types of tumor 
(esophageal cancer vs. ovarian cancer) a   
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2.2        First Clinical Data 

 Odenthal et al. examined 80 patients with esophageal cancer (AdenoCA and SCC), 
who underwent multimodal therapy. Comprehensive miRNA profi ling identifi ed a 
number of miRNAs in pretherapeutic biopsies that were signifi cantly differently 
expressed between major and minor responders. The pretherapeutic intratumoral 
expression of miR-192 and miR-194 was signifi cantly associated with the histo-
pathologic response of esophageal squamous cell carcinoma to neoadjuvant 
treatment (Odenthal et al.  2013 ). Also using pretreatment biopsy specimen of 25 
patients who underwent irinotecan/cisplatin based chemotherapy and radiotherapy 
followed by surgical treatment, 71 miRNAs were found to be signifi cantly differently 
expressed between pathologic complete responders and non-responders. Five of 
these miRNAs had a greater than two-fold difference in expression: HAS-240, 
miR-296, miR-141, miR-31 and miR-217. Comparison of post-treatment biopsies 
of responders versus non-responder patients further revealed that 52 miRNAs were 
signifi cantly up-regulated or down-regulated after induction therapy, and nine of 
these had a greater than two-fold change in expression: miR-1238, miR-938, 
HS_228.1, HS_282, miR-200a, miR-200b, miR-429 and miR-141 amongst others. 
Patients with high levels of miR-135b or miR-145 in the posttreatment biopsy 
specimens had a signifi cantly shorter median disease-free survival compared to 
patients with low levels (11.5 versus 5.1 months; p = 0.04; 11.5 versus 2.8 months; 
p = 0.03) (Ko et al.  2012 ). Furthermore, miR-31 expression was found to be signifi cantly 
reduced in patients presenting a poor histomorphologic response to neoadjuvant 
therapy. In addition, Lynam-Lennon et al. could demonstrate an infl uence of miR- 31 
on the modulation of radioresistance (Lynam-Lennon et al.  2012 ). Other studies 
evaluated the impact of miRNA expression on therapy response by defi ning therapy 
response as longer survival. Hamano et al. investigated the expression of 9 miRNAs 
(let-7a, let-7 g, miR-21, miR-134, miR-145, miR-155, miR-200c, miR-203 and miR-296) 
in esophageal cancer patients who had received preoperative chemotherapy with 
cisplatin and 5-FU followed by surgery. The expression of miR-200c correlated 
inversely and signifi cantly with the response to chemotherapy. Furthermore, the 
overexpression of miR-200c and miR-21 respectively the underexpression of 
miR-145 correlated signifi cantly with shorter overall survival (Hamano et al.  2011 ). 
Additionally and highly interesting regarding a potential clinical use of miRNAs as 
response predictors, miRNA-21 levels in serum were shown to be signifi cantly 
reduced in esophageal squamous cell carcinoma patients who responded to chemo-
therapy (Kurashige et al.  2012 ). Another study demonstrated an inverse correlation 
between expression levels of miR-483 and miR-214 and overall survival (Zhou 
et al.  2013 ). Finally, low expression of let-7c correlated with poor prognosis and 
was able to predict response to cisplatin-based chemotherapy (Sugimura et al.  2012 ). 

 A similar situation regarding miRNA expression and its correlation to response 
to treatment can be observed in ovarian cancer patients. Eitan et al. compared the 
miRNA profi le of surgically treated ovarian cancer patients that received either 
solely platinum based chemotherapy (n = 21), or paclitaxel with carboplatin (n = 34) 
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and cyclophosphamid with cisplatin as fi rst line treatment. Based on outcome, the 
authors divided the patients into platinum-sensitive vs. platinum-resistant patients. 
Seven miRNAs were identifi ed to be signifi cantly differently expressed between the 
two groups: miR-27a, miR-23a, miR-30c miR-7 g and miR-199-3p were increased 
in platinum-resistant patients, and miR-378 and miR-625 were increased in platinum- 
sensitive patients (Eitan et al.  2009 ). Lu et al. investigated let-7a expression in ovarian 
cancer patients receiving an adjuvant platinum based chemotherapy with or without 
paclitaxel in addition to surgical debulking. The let-7a expression did not correlate 
with disease stage, tumor grade, histology or debulking results. However, the 
authors could demonstrate that patients who responded well to platinum based 
chemotherapy combined with paclitaxel presented signifi cantly lower let-7a levels. 
Conversely, survival analyses showed that patients with high let-7a levels presented 
a better survival compared to those with low levels (Lu et al.  2011 ). In another 
study, let-7i expression was found to be signifi cantly reduced in chemotherapy 
resistant patients treated with paclitaxel and platinum (Yang et al.  2008 ). Most 
interestingly, patients who experienced a relapse of the disease showed a down-
regulation of let-7 in samples collected after chemotherapy compared to prethera-
peutic samples. Furthermore, a decrease in the expression of let-7 after chemotherapy 
negatively correlated with disease-free time before recurrence (Boyerinas et al.  2012 ). 
In this context, low levels of miR-199a may be another predictor for chemoresistance 
in recurrent tumors (Nam et al.  2008 ). Several studies further looked at different 
histological subtypes (serous versus non-serous) of ovarian cancer. For example, a 
signature of 23 miRNAs was associated with chemoresistance in patients with 
serous ovarian cancer treated with carboplatin and taxol, and PCR- based validation 
confi rmed that three miRNAs were able to predict chemoresistance of these tumors: 
miR-484, miR-642 and miR-217 (Vecchione et al.  2013 ). Van Jaarsveld found 
higher miR-141 expression in patients with serous ovarian tumors who did not 
response to platinum-based chemotherapy (van Jaarsveld et al.  2012 ). Furthermore, 
low miR-376c expression was detected in patients with serous ovarian tumors who 
responded well to cisplatin based chemotherapy (Ye et al.  2011 ). Finally, another 
clinical study compared the expression of miR-21 and miR-214 in ascites and 
omental metastasis of patients with ovarian cancer treated with carboplatin. 
Malignant cells in ascites showed greater cell viability when treated with carboplatin 
compared to omental metastasis. Additionally, there was a signifi cant up-regulation of 
miRNA-21 and miRNA-214 in tumor cells from ascites (Frederick et al.  2013 ). 

 Table  15.2  presents an overview about the data available so far on miRNAs as 
potential clinical predictors of chemotherapy resistance in esophageal and ovarian 
cancers. These fi rst  in vivo  data clearly supports the results from the  in vitro  experi-
ments and prove that, at least in the isolated patient populations of the respective 
publications, miRNAs can help separating responders from non-responders based 
on profi ling information obtained from tumor specimen. However, the fi nal clinical 
impact of miRNAs as potential response predictors remains to be determined, as 
the heterogeneity of the different treatment protocols in the studies, the respective 
experimental setups including the clinical response evaluation, and fi nally the 
obtained results in the different studies does not allow a defi nitive statement yet. For 
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example, miR-31 was reported on the one hand to be up-regulated (Lynam-Lennon 
et al.  2012 ), and on the other hand to be down-regulated in esophageal cancer 
patients that respond to therapy (Ko et al.  2012 ). However, in summary these data 
are highly promising regarding a potential clinical benefi t of miRNAs as response 
predictors in the future.

3         Clinical Application of miRNAs as Therapeutic Tools: 
MicroRNAs as Modifi ers of Response to Conventional 
Treatments 

 Another possibly even more interesting approach for the clinical use of miRNAs 
might be their application as potential modifi ers of chemotherapy. As the resistance 
of tumors to conventional treatment such as chemotherapy or radiotherapy 
represents a major obstacle in the fi ght against cancer, identifi cation of a way to 
reverse drug resistance is one of the most important challenges for researchers all 
over the world. A solution to this problem might be a key breakthrough in the treatment 
of malignant diseases. If resistance to chemo- and radiotherapy can be overcome, 
toxicity of these treatments could be minimized by for example lowering the doses 
of chemotherapeutics, while achieving the same antitumor effects. And in fact, there 
is growing evidence that modulation of miRNA expression can affect resistance of 
various tumors to treatment. However, as this fi eld of research is still very young, 
results are somewhat limited and refer so far only to  in vitro  experiments. But this 
does not affect its promising clinical signifi cance. 

 A number of authors addressed the question whether miRNA modulation affects 
chemotherapy resistance in esophageal cancer. Zhang et al. for example demonstrated 
that down-regulation of miR-27a in esophageal cancer cells could signifi cantly 
decrease the expression of P-glycoprotein [a well known drug effl ux pump that 
infl uences on drug resistance (Wen et al.  2009 )], Bcl-2 (   an anti-apoptotic protein 
which is involved in tumor cell apoptosis and response to chemotherapy) (Kang and 
Reynolds  2009 ; Ballesta et al.  2013 ; Asakura and Ohkawa  2004 ; Ohkawa et al. 
 2004 ), and the transcription of the multidrug resistance gene. This conferred 
sensitivity towards P-glycoprotein related chemotherapeutics such as etoposide, 
doxorubicin and vinblastine (Zhang et al.  2010 ). Hong et al. discovered that decreased 
miR-296 expression improved the response of tumor cells to 5-FU and Ciplatin, 
probably due to changes in Bcl-2 and Bax levels, finally leading to an increase 
in apoptosis and decreased MDR-1 expression (Hong et al.  2010 ). Furthermore, 
miR- 141 was shown to play an important role in the development of cisplatin resis-
tance in esophageal squamous cell carcinoma by down-regulation of YAP1, which 
is known to have a crucial role in apoptosis induced by DNA-damaging agents 
(Imanaka et al.  2011 ). Another group found miR-148a to sensitize esophageal cancer 
cell lines to cisplatin and, to a lesser extent, to 5-fl urouracil, and to attenuate resistance 
in chemotherapy-resistant variants (Hummel et al.  2011b ). In a variety of tumors 
other than esophageal cancer, expression of miR-148a has been shown to negatively 
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affect tumor growth, cell motility, invasion, migration and metastasis. One of the 
targets that can explain the effects of miR-148a modulation might be mitogen- and 
stress-activated kinase 1 (MSK1), which was identifi ed in prostate cancer cells 
(Fujita et al.  2010 ). Other potential resistance-relevant targets of miR- 148a include 
DNA methyltransferase-3B (DNMT3B) and DNA methyltransferase- 1 (DNMT-1) 
(Merkerova et al.  2010 ; Duursma et al.  2009 ). Sugimura and colleagues demonstrated 
that let-7 modulated the chemosensitivity to cisplatin in esophageal cancer through 
the regulation of IL-6/STAT3 pathway (Sugimura et al.  2012 ). IL-6 is an infl ammatory 
cytokine, which is released from macrophages and T-lymphocytes as well as from 
cancer cells. It modulates various cell functions (e.g., infl ammatory reactions), and 
is a major activator of the JAK/STAT3 and PI3K/AKT signaling pathways. Various 
studies already demonstrated an association between IL-6 and resistance to chemo-
therapy for example in ovarian cancer (Wang et al.  2010 ), breast cancer (Iliopoulos 
et al.  2009 ) or gastrointestinal cancer (Chen et al.  2013 ). Additionally, with regards 
to esophageal cancer, one recent study showed that increasing intracellular IL-6 
expression after cisplatin exposure is associated with reduced sensitivity to cisplatin 
treatment, and that knockdown of IL-6 expression restored sensitivity to cisplatin 
treatment (Chen et al.  2013 ). Finally, Wu et al. could show that overexpression of 
miRNA-200b, miR-200c and miR-429 correlated with resistance to cisplatin treat-
ment. Chemotherapeutic drugs such as cisplatin induce expression of endogenous 
AP-2α, which contributes to chemosensitivity by enhancing therapy-induced apoptosis 
(Wu et al.  2011 ). 

 Again, a similar picture is found for ovarian cancer. For example, overexpression 
of miR-200c, miR-200a and miR-141 (the miR-200 family is known as the main 
suppressor of the epithelial-to-mesenchymal transition, EMT) was reported to 
enhance sensitivity to microtubule-targeting drugs (e.g. paclitaxel, vincristine, 
epothilone B) in ovarian cancer lines by repressing the class III β-tubulin TUBB3 
(Cochrane et al.  2009 ; Prislei et al.  2013 ; Leskelä et al.  2010 ; Mateescu et al.  2011 ). 
TUBB3 is well known as a prominent mechanism of drug resistance found in a 
variety of solid tumors, but particularly in lung and ovarian cancer where it is 
associated with a perturbation in microtubule dynamics (Mariani et al.  2011 ). 
Accordingly, up-regulation of miR-200c levels in an ovarian cancer cell line 
increased the sensitivity towards micro-targeting drugs up to 85 % (Cochrane et al. 
 2010 ). Also, the family members miR-141/200c showed a correlation with cisplatin 
sensitivity in the NCI-60 panel. The NCI-60 cancer cell panel consists of 60 cancer 
cell lines of various histological origins, of which miRNA expression and drug 
sensitivity data can be obtained from a public database (Blower et al.  2007 ). 
Overexpression of miR-141 resulted in enhanced resistance to cisplatin in ovarian 
cancer cell lines as it directly targeted KEAP1, and induced cisplatin resistance via 
affection of the NF-κB pathway (van Jaarsveld et al.  2012 ). Another miRNA, miR- 
199a, was demonstrated to signifi cantly increase the chemosensitivity of ovarian 
cancer-initiating cells to cisplatin, paclitaxel and adriamycin, and to reduce mRNA 
expression of the multidrug resistance gene ABCG2 (Chen et al.  2012 ). Further  in 
vitro  assays with knockdown of let-7i led to a decreased cisplatin-induced cell death 
in ovarian cancer cell lines (Yang et al.  2008 ). Let-7 g selectively affected the 
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sensitivity of a drug resistant ovarian cancer cell line towards taxanes by targeting 
IMP- 1, which in turn caused destabilization of MDR1 at the mRNA and protein 
level. This fi nally increased sensitivity of the multidrug resistant ovarian cancer 
cells to taxanes (Boyerinas et al.  2012 ). Furthermore, miR-125b targeted Bak1, a 
gene of the Bcl-2 protein family. Down-regulation of Bak1 resulted in an increased 
resistance to cisplatin by suppressing cisplatin-induced apoptosis (Kong et al. 
 2011 ). Down-regulation of miR-130b promoted the development of multidrug 
resistant ovarian cancer cells partly by targeting CSF-1, and silencing of miR-130b 
was demonstrated to be potentially mediated by DNA methylation. At the same 
time, low levels of miR-130b were associated with FIGO III-IV clinical stages in 
ovarian cancer patients and poor histological differentiation (Yang et al.  2012 ). 
MiR-152 and miR-185, which targets DNMT1 (Xiang et al.  2013 ), were also 
reported to be involved in chemotherapy resistance. DNMT1, the principal DNA 
methyltransferase, controls DNA methylation. In addition, miR-214 was shown to 
target PTEN, a regulator of cell proliferation, via the PI3K-Akt pathway. Knockdown 
of miR-214 reduced cell survival at around 20 % in cisplatin resistant ovarian 
cancer cells (Yang et al.  2008 ). MiR-376c was described to target al.K7 (a member 
of the TGF family that inhibits proliferation and induces apoptosis of epithelial 
ovarian cancer cells), and overexpression of miR-376c was found to block cisplatin-
induced cell death, whereas anti-miR-376c treatment enhanced the effect of cisplatin 
(Ye et al.  2011 ). Another highly promising miRNA that is potentially involved in 
chemosensitivity is miR-21. As Liu et al. ( 2012b ), found that berberine could inhibit 
miR-21 expression in several cancer cell lines. Subsequently, these authors investi-
gated the infl uence of berberine on chemosensitivity of ovarian cancer cells to 
cisplatin. Interestingly, berberine could inhibit miR-21 expression and thereby 
modulate the sensitivity of cisplatin via regulating of the miR-21/PDCD4 axis (Liu 
et al.  2013 ). Other miRNAs involved in therapy resistance were miR-484 (target: 
vascular endothelial growth factor VEGFB and VEGFR2 pathways) (Vecchione 
et al.  2013 ), miR-23b, miR- 27b, miR-424, and miR-503 (target: ALDH1) (Park et al. 
 2013 ), miR-106a (target: BCL10 and caspase-7) (Huh et al.  2013 ), miR-591 (target: 
ZEB1) (Huh et al.  2013 ), miR-31 (target: MET) (Mitamura et al.  2013 ), miR-
130a (target: pro-metastatic and chemoresistance associated M-CSF) (Sorrentino 
et al.  2008 ), miR-484, miR-642 and miR-217 were described to be able to predict 
chemoresistance (Vecchione et al.  2013 ). Figure  15.1  shows a graphic presentation 
of a selection of resistance-relevant miRNAs and their downstream targets.

   Despite the limitation of the  in vitro  character of these data, these experiments 
clearly demonstrate that miRNAs affect chemotherapy resistance on a cellular level. 
If these data can be reproduced in  in vivo  animal experiments, this would mean a 
major step towards a miRNA based new therapeutic approach for cancer patients. 
This new treatment option could be used either as additive treatment in conjunction 
with conventional therapies such as chemo- or radiotherapy, or maybe even as fi rst 
line treatment if proven toxic to tumors  in vivo . However, further experiments are 
highly warranted in order to unravel potential systemic side effects of miRNA based 
therapies, and to prove their success in complex organisms.  
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4     Conclusion and Perspectives 

 The presented  in vitro  data and (so far limited)  in vivo  data draw a most promising 
picture of miRNAs as potential clinical predictors and modifi ers of response to 
chemo- and (to a lesser extent) radiotherapy. Overall, these results are highly encour-
aging and outline the enormous clinical impact that might arise from the use of 
miRNAs in the near future. However, as hopeful as these data are, their limitations 
have defi nitively to be considered: as outlined in this chapter, data are still very 
limited and sometimes even somewhat contradictory. Furthermore, conclusive  in 
vivo  data on miRNA based therapies are missing to this very date in general, so that 
information about possible complex interactions of a systemic therapy and potential 
toxic side effects for the patients have to be investigated before bringing these 
molecules into the clinic. However, the data presented in this chapter highlight the 
enormous potential of miRNAs for clinical application, and we are very confi dent 
that soon fi rst reports on the clinical (diagnostic or therapeutic) use of miRNAs in 
the context of chemotherapy resistance will be available.     
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    Abstract     MicroRNAs (miRNAs) constitute a crucial category of endogenous, 
non-coding and regulatory RNA molecules which underlie a wide spectrum of 
 cellular processes comprising differentiation, proliferation and apoptosis. Aberrant 
miRNA expression correlates well with a variety of pathological conditions includ-
ing cancer thereby providing an illuminating signature for malignancies. Consistent 
with this notion, miRNAs have kindled interest to be harnessed as invaluable 
 diagnostic and therapeutic tools. The development of effi cacious delivery platforms 
exerts paradigm-changing effects on attaining miRNA-mediated therapeutic objec-
tives. Many cancer-associated processes take place in nanoscale. The advent of 
 cancer nanotechnology – delving into structures with a size ranging from 1 to 
100 nm in at least one dimension – has proven to be a launching pad for tailoring 
effi cient miRNA delivery strategies. These nanotechnology-based delivery vehicles 
add a new armamentarium to the arsenal of miRNA- associated modalities of cancer 
treatment. Herein, we address in detail nanocarriers exploited for miRNA delivery. 
The nanocarriers based on eukaryotic viruses, lipids, polymers, bacteriophage MS2, 
gold and silica nanoparticles are the focus of our attention. Undoubtedly, gaining 
insight into the opportunities and challenges offered by these vehicles for miRNA 
delivery is determining to clear the path for their future applications in the clinical 
framework.  

  Keywords     Nanotechnology   •   Nanocarriers   •   MicroRNA delivery   •   Cancer therapy       

1         Introduction 

 Famous writer Jonathan Swift in his worldly-known and widely-published novel 
“Gulliver’s Travels” recounts the story of his protagonist’s journey to the land 
of Lilliput, an island which was home to tiny inhabitants called Lilliputians. It 
seems that we can use this allegory to portray the relationship between 
microRNA (miRNA) delivery and Lilliputian nanotechnology-based vehicles 
known as nanocarriers. Overview of nanocarriers used for miRNA delivery is an 
odyssey through which the dramatic potential of a new generation of vehicles is 
unearthed. This journey takes us to the heart of a miniaturized world with min-
iscule entities that provide highly-valued tools to combat many challenges of 
gene and drug delivery. Currently, the ship of miRNA delivery has reached the 
shores of nanotechnology and following sterling efforts to go in search of useful 
vectors, the emergence of nanotechnology-based delivery vehicles promises the 
dawning of a new era. In this chapter, after a brief overview of miRNAs and 
their therapeutic implications and a glimpse of the advantages of nanosystems 
for delivery purposes, we go into detail about various nanocarriers used for 
miRNA delivery. The nanocarriers based on eukaryotic viruses, lipids, polymers, 
MS2 bacteriophage, gold and silica nanoparticles are the center of our attention. 
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Providing information regarding the general structure and characteristics of 
these nanocarriers, promises and problems they  represent for miRNA delivery 
is addressed.  

2     MicroRNAs and Their Therapeutic Implications 

 MiRNAs are a category of endogenous and small non-coding RNA molecules with 
an approximate length of 18–25 nucleotides. These regulatory molecules play a 
leading role in the post-transcriptional control of gene expression. They fulfi ll this 
function by binding to the 3′-untraslated regions (3′-UTRs) of their target mRNAs 
which leads to mRNA cleavage and degradation or translational repression. The 
idiosyncratic pattern of gene regulation generated by miRNAs provides support for 
a specifi c biology. In silico analyses have revealed that up to one-third of human 
proteins can be regulated by miRNAs (Filipowicz et al.  2008 ). Since the fi rst discov-
ery of miRNAs Lin-4 and Let-7 in  Caenorhabditis elegans , a myriad of miRNAs 
have been recognized in a variety of species ranging from worms and fl ies to plants 
and human. In fact, studies conducted over the recent years have uncovered the 
evolutionary conservation of miRNAs across all species (Wang and Wu  2009 ). 

 MiRNAs are implicated in the regulation of a wide spectrum of cellular processes 
including development, differentiation, cell cycle, proliferation, and apoptosis. 
A wealth of information has indicated, like protein-coding genes, aberrant expres-
sion of miRNAs correlates with a variety of pathological conditions encompassing 
cardiovascular diseases (van Rooij et al.  2007 ), infl ammation (O’Connell et al. 
 2007 ) and viral infection (Umbach and Cullen  2009 ). Cancer is also among the 
diseases with deregulated miRNA expression and abnormality in the expression of 
these functional RNAs has been detected in numerous cancers. Aberrantly expressed 
miRNAs can be employed as a signature for tumor development, progression, 
 invasion and metastasis. Expression of miRNAs associated with a certain cancer 
contributes to forming a distinctive tumor-specifi c miRNA expression profi le 
with functional relevance. This has laid the groundwork for miRNAs to emerge as 
advantageous prognostic and diagnostic markers (Calin and Croce  2006 ; Babashah 
et al.  2012 ). These disease-associated miRNAs have been demonstrated to represent 
potential to be exploited as useful targets for therapeutic intervention. 

 The development of RNA-based therapeutic approaches has received enormous 
attention in recent years. These agents as a novel class of molecular therapies have 
enriched the therapeutic armaments against diverse diseases particularly cancer. 
RNA molecules such as miRNAs provide highly effective and potent tools to 
 remedy cancer. These compounds offer promising avenues to specifi cally inhibit the 
expression of genes connected to carcinogenesis or selectively regulate the path-
ways underlying the emergence and progression of malignant status (Chen et al. 
 2010 ). Taking advantage of miRNA molecules as a novel class of pharmaceutical 
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compounds is still in its infancy. However, new therapeutic perspectives presented by 
these molecules promise to transform the portrait of  biomedical science in the future. 
The fascinating characteristic of miRNA  machinery to extensively modulate prolif-
eration and survival of cancer cells has rendered them ideally suited to be exploited 
as anticancer agents and new drug development. 

 MiRNAs act as both oncogene and tumor suppressor. From the therapeutic point 
of view, two scenarios can be used in miRNA-based treatments. Over-expression of 
oncogenic miRNAs (oncomiRs) contributes to carcinogenesis, while expression 
decline of tumor suppressor miRNAs accounts for tumorigenesis (Babashah and 
Soleimani  2011 ). Consistent with this notion, two medicinal modalities can serve 
to rectify gene networks in cancer cells. For oncomiRs, a rational means is down- 
regulation through antagomirs (Krutzfeldt et al.  2005 ). Moreover, observation of 
pathological reduction of suppressive miRNAs has inspired the concept of miRNA 
replacement therapy to enhance the amount of these miRNAs thereby restoring 
them to normal levels (Kim et al.  2011 ). 

 One of the hallmark characteristics of miRNAs to be considered as emerging 
medicines is that these molecules have the capacity to concurrently interact with 
numerous target genes and target diverse genetic pathways which control cellular 
processes such as proliferation, differentiation and apoptosis. Furthermore, this mode 
of action dramatically limits the development of resistance mechanisms because 
specifi c blocking of multiple pathways contributing to oncogenesis poses greater 
challenges for tumor cells to set escape mechanisms in motion (Ibrahim et al.  2011 ). 
In this context, cancer cells need the occurrence of several simultaneous mutations to 
counteract the effects of expression of incoming miRNA. Estimations have refl ected 
the fact that some miRNAs may affect over 100 target mRNAs. Fabricating a 
complex pattern of gene regulation, this captivating attribute potentially promotes 
potency of miRNA-based treatments via exerting infl uence on different genes and 
pathways. On the other hand, the “one hit, multiple targets” concept presents new 
perspectives to gene therapy and expands the repertoire of  therapeutic regimens for 
cancer (Wang and Wu  2009 ). 

 Devising effi cacious and highly effi cient strategies for delivery purposes is of 
great relevance in the development and evolvement of treatments associated with 
miRNAs. These strategies will establish a robust foundation for harnessing  miRNAs 
in cancer therapy and drastically expedite their applications in the clinical context. 
However, it is necessary to preclinically validate miRNAs-based treatments for 
 tailoring suitable approaches to minimize their toxic effects.  

3     Advantages of Nanocarriers for Therapeutic Delivery 

 Lipid-based nanovehicles which their discovery dates back to 1960s were the fi rst 
nanocarriers used for delivery (Bangham et al.  1965 ). The years of 1970s  witnessed 
exploitation of the fi rst controlled-release polymer systems for the delivery of 
 macromolecules (Langer and Folkman  1976 ). In 1980, the fi rst cases of liposome 
targeting were demonstrated. Moreover, pH-sensitive liposomes with their possible 
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clinical implications were introduced (Leserman et al.  1980 ; Yatvin et al.  1980 ; 
Heath et al.  1980 ). In 1990s, polyethylene glycol (PEG) was applied to generate 
long-circulating liposomes and polymeric nanoparticles which fathered the  concept 
of stealth nanoparticles (Klibanov et al.  1990 ; Gref et al.  1994 ). Nanocarriers 
 confer advantages for the delivery of various therapeutics which has triggered the 
surge of interest in these agents as miRNA delivery platforms. Herein, we explain 
the delivery- oriented opportunities offered by nanosystem-based vehicles. 

3.1     Size 

 Having small physical dimensions is a very attractive feature for nanocarriers that 
potentiates them to bypass many physiological barriers. Tight epithelial junctions 
in skin and intestinal tract, blood brain barrier, branching pathways of the pulmo-
nary system and endothelium of blood vessels are some of these biological hurdles 
which pose challenges to many therapeutic agents to reach targeted site (e.g. 
tumor) (Hughes  2005 ; Panyam and Labhasetwar  2003 ; Lockman et al.  2002 ). 
Nanostructured carriers present a solution to surmount these obstacles allowing for 
effi cient uptake of therapeutic cargoes such as miRNAs by various cells and their 
selective localized accumulation at sites of interest.  

3.2     Surface Modifi cation 

 Easily modifi ed surface chemistry is one characteristic of nanocarriers which can be 
used to make alteration and adjustment in their pharmacokinetic and pharmacody-
namic features. Surface coupling of PEG known as pegylation is one example of 
such modifi cation. Pegylation leads to escape from reticuloendothelial system (RES) 
and longer half-life in blood circulation (Gref et al.  1994 ).  

3.3     Targeting 

 Tractability to manipulation of surface chemistry can be employed to achieve 
targeting of nanocarriers through both active and passive targeting mechanisms. 
Surface attachment of various targeting ligands including antibodies, peptides and 
oligonucleotide sequences capacitates nanocarriers to target their therapeutic cargoes 
to specifi c cells thereby fostering enhanced payload, elevated intracellular concen-
tration of cargo and reduced risk of adverse systemic side effects (Ferrari  2005 ). 
Tight junctions of endothelial cells in the wall of normal blood vessels act as a 
mechanism to block extravasation of large particles from blood circulation. 
Tumor vessels become leaky arising from weakening of these tight junctions. 
This characteristic of tumor vasculature is known as the enhanced permeability 
and retention (EPR) effect. In addition to the capacity of nanocarriers to undergo 
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targeting- oriented modifi cations, EPR phenomenon also contributes to enhanced 
intratumoral concentrations of cargo. While drugs used in conventional chemotherapy 
have impact on both normal and cancer cells, nanocarriers through EPR effect of the 
vascular system become preferentially accumulated in tumors, infl ammatory sites and 
antigen sampling sites (Singh and Lillard  2009 ; Wang et al.  2012 ). This eventually 
boosts anticancer effects and therapeutic effi cacy of the delivered therapeutic miRNA.  

3.4     Increased Water Solubility 

 Limited solubility in water is a major factor in meager pharmacokinetic profi le of 
many drugs. Encapsulation of cargo molecules within a nanocarrier dramatically 
raises solubility and stability of the drugs. On the other hand, another attractive 
advantage nanotechnology provides for the development of delivery platforms is the 
capability to formulate existing drugs at nonosized scale. This achievement unifi es 
cargo and carrier and nanosized drug acts as its own carrier. Nanoscaled drugs have 
higher water solubility and dissolution rate which is very important for  in vivo  
applications (Merisko-Liversidge et al.  2003 ).  

3.5     Controlled Release 

 Nanocarriers can support the controlled release of the encapsulated drug over time. 
This property sustains cargo concentration within a therapeutic window and 
positively affects biodistribution of therapeutic agent. In some cases, delivery 
nanosystem can be devised in a manner that a stimulus specifi c to the site of cargo 
delivery activates cargo release. Exerting more rigorous control over the process of 
drug release presents overwhelming effi cacy in the treatment procedure. Moreover, 
the utilization of biodegradable nanomaterials provides the basis for sustained drug 
release at the target tumor site over a longer time period (days or weeks). Poly lactic 
acid (PLA) and poly lactic-co-glycolic acid (PLGA) have been employed to formulate 
biodegradable nanoparticles for controlled drug delivery (Panyam et al.  2003 ; 
Moghimi  2006 ). These nanomaterials are of particular interest for greater antipro-
liferative activity of drugs with an intracellular target.  

3.6     Multi-functionality 

 Nanocarriers can be manipulated to carry multiple drugs. This leads to simultane-
ous transportation of several drugs with one carrier. Multiple-drug cancer therapy 
necessitates sophisticated dosing regimens. However, nanocarriers due to offering 
the benefi t of releasing each of drugs in a controlled manner abrogate the need for 
convoluted multidrug dosing regimens. This multimodal capacity of nanocarriers 
lays the groundwork for materialization of the important concept of combination 
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therapy in cancer treatment. The combinatorial capability of nanoparticle-based 
carriers allows to deliver multiple compounds with various characteristics (such as 
imaging and therapeutic properties) into tumors and acts as a formidable obstacle 
against the emergence of drug resistance mechanisms in cancer cells (Alexis et al. 
 2010 ). As well, the synergistic effects of drugs in combination therapy target cell 
heterogeneity present in tumors thus substantially bolstering the effi ciency of the 
therapeutic regimen.   

4     Nanocarriers for MicroRNA Delivery 

 Various nanocarriers have found application in miRNA delivery. These nanoscale 
carrier systems come in two main types that embrace organic and inorganic. In the 
former nanovehicles based on eukaryotic viruses, lipids, polymers and bacterio-
phages and in the latter nanosystems derived from gold and silica nanoparticles are 
covered and their application for miRNA delivery is discussed. Figure  16.1  provides 
a schematic presentation of these nanocarrier systems.

4.1       Eukaryotic Virus-Based Nanocarriers 

 Eukaryotic virus-based vectors are the most frequently used nanocarriers for thera-
peutic delivery purposes. Thus far, many viral vectors have been elaborated for the 
delivery of miRNA pharmaceutics. Different viruses used as delivery platforms 

Gold NPs

Eukaryotic Viruses

Silica NPs

Lipids Polymers

Bacteriophages

MicroRNA  Delivery 
Nanosystems

  Fig. 16.1    Various nanocarriers used for microRNA delivery       
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 harbor their own distinctive properties which render them well-suited for certain 
applications. The category of the used viral vector is largely dependent upon the 
therapeutic objective we pursue and the type of targeted cell. Viral vector-associated 
toxicity observed in gene therapy-oriented clinical trials sparked much controversy 
with regard to the safety of these carriers for medical goals. These bottlenecks have 
been a stimulus to manipulate viral vectors to maximize their safety profi le. 
Nonetheless, there have been several recent publications reporting the involvement 
of vector sequences and vector-derived immunogenic epitopes in the stimulation 
of immune responses (Onion et al.  2009 ; Lamers et al.  2011 ). Four types of viruses 
are the most broadly exploited viral nanocarriers for delivery purposes. These 
include vectors based on adenovirus, adeno-associated virus, retrovirus, and 
 lentivirus (Liu and Berkhout  2011 ). Providing an encyclopedic and in-depth 
description of viral vectors and their pros and cons is beyond the confi nes of this 
chapter. Herein, we offer a brief overview of viral-based vectors. To gain thorough 
and detailed information concerning the problems and prospects of viral nano-
carriers and their diverse applications for the delivery of therapeutic cargoes, readers 
are referred to these references (Giacca and Zacchigna  2012 ; Young et al.  2006 ; 
Walther and Stein  2000 ). 

 Adenoviruses are capable of infecting both dividing and nondividing cells, repli-
cate in the nucleus of mammalian cells and commonly do not integrate their genetic 
material into the genome of host cell. This lack of genomic integration spawns 
short-term expression of a transgene such as miRNA. The most important challenge 
posed by adenoviruses is their immunostimulatory effects that raise safety issues. 
To mitigate stimulation of immune responses and as well as enhance packaging 
capacity of adenoviruses, second-generation and third-generation adenovirus 
vectors have been developed (Cao et al.  2004 ; Liu and Berkhout  2011 ). 

 Adeno-associated viral nanocarriers provide the prime benefi t of lack of immu-
nogenicity. This stems from their minor ability to transduce antigen presenting 
cells. This non-pathogenicity renders them very captivating to be utilized as thera-
peutic vectors. Adeno-associated viruses are known to be the smallest viral vectors. 
This restricted size makes them much instrumental for the delivery of miRNA 
expression cassettes. These vectors show a preference for integration at DNA breaks 
of the host genome (Miller et al.  2004 ; Nakai et al.  2003 ). However, viral genomes 
mainly behave as episomes, a feature that sizeably cuts the risk of insertional 
mutagenesis (Schnepp et al.  2003 ). 

 Retroviruses, following entry into mammalian cells, convert their RNA genome 
into double-stranded DNA through the function of their own reverse transcriptase 
enzyme. Subsequently, this dsDNA is stably integrated into the genome of host cell 
that gives rise to long-term expression of vector-encoded therapeutic transgene. 
However, the main concern is the integration of viral genetic material into genomic 
sites signifi cant for cellular function. This can lead to disturbance in the regulation 
of host genes (Bushman et al.  2005 ; Lewinski et al.  2006 ). To promote safety 
profi le of retroviral carriers, self-inactivating (SIN) vectors have been crafted. 
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In SIN vectors, transcriptional enhancer elements affecting gene expression of the 
host cell have been removed (Yu et al.  1986 ). 

 Lentiviruses own characteristics such as stable transgene expression due to 
integration into the host genome, the capacity for harboring large inserts, and the 
capability of transducing non-dividing cells. Removal of U3 region in the 3′ long 
terminal repeat region and supporting integration into introns of active transcrip-
tional units are contributing factors to the diminution of insertional oncogenesis 
(Zufferey et al.  1997 ; Laufs et al.  2006 ). 

 Various viral nanocarriers have been used for the delivery of miRNA therapeutics. 
Administration of miR-26a in a mouse model of hepatocellular carcinoma (HCC) 
through adeno-associated virus was carried out to explore the effi cacy of a miRNA 
replacement therapy for liver cancer. The results showed that this strategy is able to 
impede the proliferation of cancer cells, induction of tumor specifi c apoptosis and 
substantial protection from disease progression without toxicity (Kota et al.  2009 ). 
Adenovirus-mediated delivery of a plasmid harboring miRNA let-7 was demon-
strated to repress cancer growth in lung. In this study, let-7 delivered via adenoviral 
vector hampered the growth of multiple human lung cancer cell lines  in vitro . Also, 
administration of this miRNA trough intranasal route in an established orthotopic 
mouse model of lung cancer diminished tumor formation (Esquela- Kerscher et al. 
 2008 ). Adeno-associated virus-mediated transfer of miRNA-based hairpin to silence 
peripherin-2, a photo-receptor specifi c gene in retina that its gain-of- function 
 mutations contribute to both autosomal dominant retinitis pigmentosa and dominant 
maculopathies, in the mouse retina effi ciently and specifi cally inhibited expression 
of this gene (Georgiadis et al.  2010 ). The utilization of lentiviruses for miRNA 
delivery has been also reported in a number of studies. For instance, a miRNA-based 
lentiviral vector was used to express miR-30. Also, a conditional lentiviral miRNA 
expression with a doxycycline-inducible vector was developed that exhibited the 
capacity of tight control on gene expression  in vitro  and  in vivo  (Stegmeier et al. 
 2005 ). In another study a lentiviral vector encoding three artifi cial miRNAs targeted 
against the Abl fraction of the chimeric Bcr-Abl oncogene mRNA was generated. 
This system showed success in reducing the expression of Bcr-Abl over 200-fold 
higher than that of control. This substantial decline in the oncogene expression 
through inhibitory miRNAs portrays the effi cacy of this strategy to control popula-
tion of malignant cells and hinder growth of leukemia cells (McLaughlin et al.  2007 ). 
In a study conducted by Babashah et al. ( 2013 ), lentivirus-mediated over- expression 
of  miR-326 led effectively to down-regulation of Smo (the signal transducer of the 
oncogenic Hedgehog pathway) in chronic myeloid leukemia (CML) CD34 +  cells. 
This strategy resulted in decreased cell proliferation and elevated rate of apoptosis in 
CML CD34 +  stem/progenitor cells that represent a potential source of relapse in 
patients suffering from CML. Another study revealed that lentiviral vectors encoding 
 miRNAs against osteopontin (OPN) gene, as one of the key genes implicated in 
promoting the metastasis of HCC, potently down-regulate the OPN expression level 
that triggers  in vitro  proliferation and  in vivo  tumor growth of HCC (Sun et al.  2008 ).  
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4.2     Lipid-Based Nanocarriers 

 Lipid-based materials embrace one of the most important categories of nanocarriers 
for the delivery of therapeutics. Among various lipid-based materials with the 
potential to be employed for delivery purposes, liposomes are regarded as the most 
widely-used carriers and have been the fi rst nanoparticle-based drug delivery 
 platforms enjoying application in the clinical setting. Since their initial description, 
liposome-based delivery systems have met with high success in the delivery of 
 anticancer agents. Huge diversity in structure and composition has rendered them 
very tunable and versatile for biological and medical objectives. These carriers 
 harbor appealing attributes such as general biocompatibility, biodegradability, and 
the merit of encapsulating both hydrophilic (within their aqueous core) and hydro-
phobic drugs (inside their lamellae) (Torchilin  2005 ; Peer et al.  2007 ). Liposomes 
are applied to the delivery of various macromolecular structures including gene 
therapy vehicles, oligonucleotides, proteins and other drugs into malignant cells and 
tissues. Their amphiphilic nature allows the accommodation of both hydrophilic 
and  lipophilic anticancer therapeutics. Hydrophilic cargoes can be incorporated into 
the internal aqueous part and hydrophobic drugs can be transported in the hydro-
phobic portion of the bilayer. 

 Liposomes are self-assembled, spherical and closed-membrane structures. 
These vesicles have a central aqueous core surrounded by an outer lipid bilayer and 
are shaped by dispersion of phospholoipids in aqueous media. In the amphiphilic 
 architecture of liposomes, hydrophobic domains of lipid molecules are brought 
together by hydrophobic interactions and hydrophilic head groups of the molecules 
are positioned towards the inner aqueous milieu. This arrangement of lipid com-
pounds contributes to forming bilayer anatomy of lipid molecules. The size of 
 liposomes, dependent on the design, can be from 50 nm to several micrometers 
(Torchilin  2005 ; Cho et al.  2008 ). Lipid constituent plays a major role in determin-
ing different structural and functional traits of liposomes. For instance, higher 
 cholesterol content yields increased retention rate leading to subsequent mitigated 
drug loss in blood circulation (Gregoriadis  1995 ). 

 In general terms, two signifi cant physical properties, – size and the degree of 
lamellarity (number of bilayers) – serve as a basis for classifi cation of liposomes. 
According to this notion, liposomes come in four types: small unilamellar vesicles 
(SUV), large unilamellar vesicles (LUV), multilamellar vesicles (MLV) and multi-
vesicular liposomes (MVL) (Szoka and Papahadjopoulos  1980 ). Unique structural 
properties of liposomes assist in augmenting delivery effi ciency through the mecha-
nism of “contact-facilitated delivery”, a phenomenon which entails interaction of 
lipid elements of liposome with the membrane of the targeted cell. The increase of 
these lipid-lipid interchanges markedly facilitates the convective fl ux of hydrophobic 
agents to travel across lipid membranes of both liposome and targeted cell. 
Physicochemical characteristics of liposomes such as size, composition, surface charge 
and functionality can be conveniently altered through adding agents to the lipid 
membrane or modifying the surface chemistry. Modifi ed liposomes have been 
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demonstrated to offer favorable pharmacokinetic properties for the delivery of antisense 
oligonucleotides, siRNA, proteins and chemotherapeutic drugs (Papahadjopoulos 
et al.  1991 ). PEG conjugation is one of the most signifi cant modifi cations made on 
the surface of liposomes. PEG molecules create a protective cover on the surface of 
liposomes. These PEGylated carriers (also known as stealth liposomes) can escape 
from mononuclear phagocytes of the RES and avoid interacting with plasma 
proteins which ultimately spawns prolonged circulation period (Kontermann  2006 ). 
Furthermore, active targeting can be used to provoke surface modifi cations on 
liposomes. Targeted delivery can be achieved through conjugation of targeting 
ligands such as antibodies or folate. Attaching antibodies to liposomes generates 
immunoliposomes with the capability of selective drug delivery to the action site of 
interest (Cryan  2005 ; Park et al.  2002 ; Gabizon et al.  2003 ; Wu et al.  2006 ). These 
liposome-based carriers have recently received a remarkable interest and are 
considered as the next generation of liposomal drugs. Also, Leamon et al. ( 2003 ) 
have demonstrated the effi cacy of folate-decorated liposomes for the delivery of 
antisense oligodeoxynucleotide to cancer cells. 

 Solid lipid nanoparticles (SLNs) are another category of lipid-based nanocarriers 
which comprise lipid compounds being solid at room temperature. The solid lipid 
matrix is structurally stabilized by incorporating surfactant agents (tween 20, 
sodium dodecyl sulphate, etc.). A great number of solid lipids are naturally occur-
ring which are implicated in a variety of physiological processes. This is of great 
relevance in the decline of their cellular toxicity. The challenge of toxicity enhance-
ment resulting from the addition of surfactants can be circumvented by making use 
of nontoxic surfactants such as lecithin. SLNs, due to the role of their solid core in 
blocking the merge of particles, present higher stability compared to liquid droplets 
(Almeida and Souto  2007 ; Bondi and Craparo  2010 ; Qi et al.  2012 ). 

 Lipid-based nanocarriers have been used for the delivery of different miRNAs. 
A lipid-based nanoparticle was utilized for systemic delivery of plasmids harboring 
miRNA to cancer cells. Two miRNAs, miR-34a and the miR-143/145 cluster, were 
delivered through the liposomal nanovector. These two miRNAs are down- regulated 
in most types of pancreatic cancer. Systemic administration of both nanovectors 
through intravenous route led to growth inhibition of subcutaneous and orthotopic 
xenografts of pancreatic cancer. This inhibition of tumor growth was also accompa-
nied by augmentation of apoptosis and decline of proliferation offering potential of 
this lipid-based platform for systemic delivery of therapeutic miRNAs to cancer 
cells (Pramanik et al.  2011 ). In another report, miR-7 -expressing plasmid was 
transfected into several lung cancer cell lines. This miRNA targets several sites in 
the 3′ UTR region of EGFR (epidermal growth factor receptor) mRNA. The results 
demonstrated anti-proliferative effects of the liposome-delivered miRNA. Furthermore, 
antitumor properties of miR-7 was analyzed via  in vivo  liposomal delivery against 
EGFR-TKI– resistant xenograft models of lung cancer in mouse which exhibited 
signifi cant tumor regression (Rai et al.  2011 ). In another study miR-133b, which 
directly targets MCL-1 protein, was delivered via cationic lipoplexes into A549 
non-small cell lung cancer (NSCLC) cells. Evaluation of delivery effi ciency showed 
higher capacity of lipoplex platform with enhancement of miR- 133b expression and 
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decrease of MCL-1 expression  in vitro. In vivo  biodistribution study also revealed that 
mice treated with lipoplexes containing pre-miR-133b had a marked elevation of 
miR-133b expression in lung in comparison with untreated control mice (Wu et al. 
 2011 ). Shi et al. ( 2013 ) developed a SLN-based system to deliver miR-34a, a miRNA 
signifi cant for cancer stem cell (CSC) therapy, into B16F10-CD44 + -bearing tumors 
in mouse lungs. They showed that miSLN dramatically inhibits tumor growth 
offering potential to be an effi cient strategy to compromise growth and migration of 
CD44-positive CSCs.  

4.3     Polymer-Based Nanocarriers 

 Polymers are one of the most frequently addressed nanocarriers for delivery pur-
poses. In 1979, Couvreur et al. described one of the fi rst examples of exploiting 
polymeric nanoparticles to develop a drug carrier system for cancer therapy 
(Couvreur et al.  1979 ,  1980 ). They attached antineoplastric drug doxorubicin to 
polyalkylcyanoacrylate nanoparticles and demonstrated the mechanism of drug 
release from the polymeric agent in calf serum. This watershed report was a starting 
point for a series of studies employing polymer-based materials for therapeutic 
delivery. In 1990s, Gref et al. ( 1994 ) elaborated polymeric nanocarriers comprising 
PLA/PLGA and PEG as long-circulating nanoparticles with stealth characteristics. 
This study created a fl urry of interest in the utilization of polymeric nanocarriers to 
achieve therapeutic goals. 

 From the structural standpoint, polymeric nanocarriers can have spherical, 
branched or core-shell architecture. Polymeric nanocarriers are primarily formed 
through a spontaneous self-assembly process of block-copolymers in an aqueous 
surrounding spawning a core-shell anatomy. In this structure, the hydrophobic 
blocks constitute the core and the hydrophilic blocks establish the shell. Each of 
these sections plays its own role in the general structure and function of polymeric 
nanocarriers. The core considerably reduces the exposure of cargo to the surrounding 
environment while the shell makes an essential contribution to the core stabili-
zation. The hydrophobic core with its high loading capability is responsible for 
carrying therapeutic cargoes and the hydrophilic shell creates a steric protection for 
nanocarrier platform. Polymeric nanocarriers are capable of entrapping hydrophilic 
and hydrophobic small molecules and as well as protein- and nucleic acid-based 
 macromolecular structures (Chan et al.  2010 ). Polymeric vehicles are considered 
as one of the most signifi cant nanoparticle-based therapeutics in preclinical and 
clinical surveys of delivery and their peculiar architecture assists in shaping a 
platform well- suited to the delivery of therapeutic cargoes. 

 Within this context, targeting of polymer-based carriers is worthy of consider-
ation. A variety of molecules including peptides, antibodies and oligosaccharides 
can be used for active targeting. The strategy of active targeting promotes the local-
ized and sustained delivery of therapeutic molecules to the biological site of interest 
and minimizes the side effects. Structural modifi cation and functionalization of 
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polymers enable us to exert greater control on the pharmacokinetic profi le of ther-
apeutic cargoes. Furthermore, one of the most signifi cant achievements of recent 
years in the territory of polymer science has been the design of smart polymer-based 
delivery systems. These signal-sensitive platforms are capable of altering their 
physicochemical characteristics in response to environmental stimuli. A diverse array 
of physical (temperature, light, and electricity), chemical (pH, ionic concentration) 
and biological (enzymes, biomolecules) signals can be applied to achieve this end. 
The procedure of stimuli responsiveness of polymer-based delivery platforms can be 
more meticulously and precisely controlled within a narrow range through versatility 
of polymer sources and their convenient combination (Bamrungsap et al.  2012 ; 
Parveen and Sahoo  2008 ). 

 Polymeric nanocarriers can be constructed from natural polymers like chitosan, 
gelatin, heparin, collagen, dextran, cellulose, cyclodextrin or synthetic polymers 
such as polyethyleneimine (PEI), poly-L-lysine (PLL), poly(amidoamine) (PAA), 
poly(amino-co-ester) (PAE) and poly(2-N,N-dimethylaminoethylmethacrylate) 
(PDMAEMA) (Panyam and Labhasetwar  2003 ). Also, polymeric nanocarriers, 
depending on their electrical charge, are divided into main categories of anionic 
(negatively charged) and cationic (positively charged) polymers. Both of these 
 carrier types, with their unique physicochemical properties, have been comprehen-
sively explored for a variety of therapeutic applications. Anionic polymers interact 
with cationic molecules such as positively charged drugs and basic proteins. On the 
contrary, cationic polymers are able to form electrostatic complexes with anionic 
biomolecules such as negatively charged proteins and nucleic acids. Within the 
recent years, a great deal of attention has been directed toward cationic polymeric 
nanocarriers. This interest has roots in some hallmark characteristics of cationic 
polymers including fl exibility, easy synthesis and effi ciency in gene and drug 
 delivery (Samal et al.  2012 ). Cationic polymers have the capacity to condense 
nucleic acids through forming polyelectrolyte complexes with them. This conden-
sation enhances cellular entry and confers dramatic protection against enzymatic 
degradation and consequent endolysosomal escape of nucleic acid molecules. These 
attributes render cationic polymeric nanocarriers invaluable tools for the delivery of 
miRNA molecules. Among various polymeric nanocarriers, PEI and PLL have been 
exploited for miRNA delivery. In PEI, backbone bears positive charges while in 
PLL side groups harbor positive charges. 

 PEI has been previously applied in various studies to deliver DNA plasmids 
(Boussif et al.  1995 ), ribozymes (Aigner et al.  2002 ), and siRNA (Urban-Klein et al. 
 2005 ; Gunther et al.  2011 ) for therapeutic purposes. The condensed complexation 
between negatively charged miRNA and positively charged PEI polymer gives rise 
to the protection of miRNA against RNAse enzymes present in cells. PEI-based 
complexes enter the cells through caveolae- or clathrin-dependent pathways. 
A major complication of PEI polymer to be utilized as a nanocarrier is its cellular 
toxicity. This originates from nonbiodegradability of polymer molecules inside 
cells feeding into the formation of negatively charged protein aggregates. Son et al. 
( 2011 ) introduced disulfi de linkage in the branched PEI and proved that this modi-
fi cation enhances biocompatibility and biodegradability of the manipulated carrier 
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(SSPEI polymer). This is due to disulfi de-mediated induction of carrier degradation 
by endogenous enzymes such as glutathione reductase. Another study carried out 
by this group indicated the capability of the rabies virus glycoprotein (RVG)-labeled 
SSPEI polymeric carrier for the neuron-specifi c delivery of miR-124a  in vivo  
(Hwang do et al.  2011 ). Injection of RVG-SSPEI complexed with miR-124a into 
tail veins of mice triggered increased accumulation of this miRNA in isolated brain. 
The nanosized polyelectrolyte complexes between PEI and miRNA were internal-
ized into cells through the mechanism of general endocytosis. Jin et al. ( 2012 ) 
crafted a RNA- PLL complex for the delivery of anti-miR-RNA-10b into breast 
cancer cell line and observed the effective delivery of RNA molecules into the cyto-
plasm of target cells in a concentration-dependent manner. The potent interaction 
between RNA backbone and cationic PLL has been suggested as the molecular 
mechanism underlying the delivery of anti-miR-RNA-10b into breast cancer cells. 
Ibrahim et al. ( 2011 ) introduced a low molecular weight branched PEI (PEI F25-
LMW) as a strategy for the delivery of miR-145 and miR-33a in a miRNA replace-
ment therapy. Following systemic or local administration of PEI/miRNA complex, 
intact miRNA molecules were delivered into a mouse xenograft model of colon 
carcinoma that led to decreased tumor proliferation and enhanced apoptosis. Yang 
et al. ( 2012 ) demonstrated that miR-145 delivery through a polyurethane- short 
branch polyethyleneimine (PU-PEI) to glioblastoma cells (brain malignant cells) 
dramatically inhibits tumorigenic and CSC-like capacities of these cells. This was 
accompanied by effective down-regulation of the genes implicated in resistance to 
drug and apoptosis. Furthermore,  in vivo  delivery of PU-PEI-miR145 remarkably 
suppressed tumorigenesis and promoted survival rate of mice.  

4.4     Bacteriophage VLP-Based Nanocarriers 

 MS2 is an icosahedral single-stranded RNA bacteriophage with a 27–34 nm diameter 
that places it in the category of carriers with nanostructures. This bacteriophage has 
a 3560 nucleotide genome. A 19-nucleotide sequence residing at the 5′ end of the 
replicase cistron, called the  pac  site, plays a pivotal role in shaping the general 
architecture of this bacteriophage. The sequence of  pac  site is able to establish a 
stem-loop structure. Specifi c interaction between this stem-loop structure and the 
bacteriophage coat protein accounts for the precise assembly of bacteriophage 
 particles in bacterial systems (Stockley et al.  1994 ). The self-assembly of MS2 
has been applied to create virus-like particles (VLPs) that can be loaded with 
different pharmaceutical and imaging molecules thereby offering a new drug 
delivery  platform. Up to now, there have been few efforts for the development 
of delivery vehicles based on VLPs. However, there has been an increasing 
attention towards repurposing these nanocarriers for the delivery of therapeutic 
agents. Information accumulated within the last recent years has unveiled numerous 
gripping characteristics of bacteriophage MS2 rendering it a well-suited carrier to be 
employed for delivery purposes. There is a large body of evidence regarding the 
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packaging and self-assembly of MS2. This information demonstrates that bacterio-
phage capsids provide a convenient and effi cacious modality to package RNAs, 
DNAs and other medicines. Bacteriophage MS2 confers a protective shield on 
miRNAs. Rapid degradation of naked miRNAs by nucleolytic enzymes makes 
them very unstable in biological fl uids. To surmount this obstacle and promote the 
stability of miRNAs, these molecules have undergone diverse modifi cations (Orom 
et al.  2006 ; Bader et al.  2011 ). Although these manipulations ameliorate the half-
life of miRNAs, they also have a negative impact on the hybridization kinetics of 
miRNA-based drugs. Packaging of RNA drugs into MS2-based VLPs safeguards 
them against enzymolyis and improves their pharmacologic activity. 

 Bacteriophage MS2 offers some other advantages for delivery-oriented objec-
tives. Surface modifi cation of bacteriophage capsid can be easily achieved through 
genetic insertion or chemical conjugation of outer capsid with different ligands. 
This enables bacteriophage particles for multivalent display of targeting ligands 
allowing selective delivery to a variety of cells (Wei et al.  2009 ). Also, the presence 
of a comparatively vast interior space renders it possible for MS2 VLPs to be loaded 
with large agents. Numerous pores existing in the capsid of bacteriophage facilitate 
access of therapeutic agents to the interior volume (Kovacs et al.  2007 ). On the other 
hand, the natural ability of MS2 coat protein to spontaneously self-assemble in 
the presence of nucleic acids provides a rational basis for their application in the 
encapsidation of RNAs and RNA-conjugated drugs with therapeutic potential. It is 
interesting to note that a variety of chemotherapeutic non-nucleic acid cargoes, 
when attached to the MS2  pac  site, can also be encapsulated within MS2 VLPs. 
MS2 VLPs are biocompatible and biodegradable. They also bear dramatic stability 
in a wide spectrum of environmental conditions (temperature, pH, ionic strength 
and solvents) (Ashley et al.  2011 ). 

 Pan et al. ( 2012b ) developed a system based on MS2-VLP containing pre-miR 
146a. Subsequently, they conjugated these particles with a cell penetrating peptide 
called Tat, derived from HIV-1. The chemical conjugation of Tat was used to achieve 
the intracellular transduction of the delivered miRNA. MS2 VLP-Tat complex 
 successfully transferred pre-miR 146a into HeLa, HepG2, Huh-7 and peripheral 
blood mononuclear cells (PBMCs). High levels of miR 146a were detected  in vitro  
and  in vivo . Furthermore, MS2-VLP nanocarrier was able to specifi cally silence 
target genes of the delivered miRNA. This group in another study used Tat- conjugated 
MS2 VLP-miR146a to reach therapeutic effects in lupus-prone mice. They witnessed 
high levels of miR-146a in PBMCs, lung, spleen, and kidney tissues of the mice 
following a 12-week therapeutic procedure and demonstrated the capability of this 
treatment system on lupus-prone mice through diminishing the production of patho-
genic autoantibody (Pan et al.  2012a ). Ashley et al. ( 2011 ) reported the delivery of 
several chemotherapeutic drugs (doxorubicin, cisplatin, and 5- fl uorouracil), siRNA 
cocktails, and protein toxins to human HCC by using a nanocarrier based on 
bacteriophage MS2. They decorated MS2 particles with high densities of SP94, an 
HCC-specifi c peptide previously isolated by affi nity selection of a phage display 
library against HCC targets. Their fi ndings revealed that MS2 VLPs are able to 
selectively elicit toxicity in liver cancer.  
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4.5     Gold Nanoparticle-Based Nanocarriers 

 Inorganic nanoparticles have been the focus of vast investigations to be employed 
in drug delivery for cancer therapy. One of the foremost advantages offered by 
inorganic nanocarriers is their capacity to be synthesized with near monodispersity. 
Inorganic nanoparticles are mainly metal based. Metallic nanostructures have been 
applied to various purposes in biomedicine. Metal-based biosensors for the detection 
of antigenic agents and DNA and as well as metallic probes as imaging, diagnostic 
and therapeutic elements are several examples of metallic nanomaterials in the med-
ical context (Elghanian et al.  1997 ; Hirsch et al.  2003 ). Metal particles are biocom-
patible. However, their application is not without diffi culties. Accumulation of a 
large amount of metal particles in the body following administration may result 
in cytotoxicity thereby imposing restriction on their exploitation for clinical aims. 
Toxicity can be especially intensifi ed in the case of repeated administration 
(Wang et al.  2012 ). For this reason, most of the investigations on the potential of 
metal nanoparticles for drug delivery purposes are in the preclinical stage. 

 Carriers based on gold nanoparticles (AuNPs) are one of the most important 
metal-based nanosystems for drug delivery. AuNPs are conveniently synthesized 
and manipulated. Surface modifi cation and functionalization of AuNPs have 
served to the delivery of therapeutics. The attachment of numerous biomolecules 
onto the surface of AuNPs is a relatively facile procedure being feasible through 
a variety of affi nity interactions. Also, physical characteristics of AuNPs render 
it possible to exert greater control on the rate of drug release. Due to this, AuNPs 
have attracted remarkable attention for the delivery of therapeutics. Rosi et al. 
( 2006 ) employed functionalized AuNPs with thiolated oligonucleotide sequences 
for gene therapy through antisense mechanism. Intracellular delivery of these 
AuNP- oligonucleotide complexes strongly declined the expression of targeted 
mRNA encoding enhanced green fl uorescent protein (EGFP). Tumor necrosis factor 
(TNF)-alpha, a robust cytokine with anticancer properties, has been  conjugated to 
PEG- decorated AuNPs (Visaria et al.  2006 ). This antineoplastic agent in a nano-
carrier formulation has shown reduced cytotoxicity and high  effi cacy in retarding 
the growth of SCK mammary carcinomas in a xenograft mouse model. 

 AuNPs have also found utility for miRNA delivery and several studies have 
highlighted their potential in this regard. In a study, Crew et al. ( 2012 ) demonstrated 
successful conjugation of miR-130b to AuNPs and exploited this miRNA-AuNP 
construct for cell transfection assays on multiple myeloma cells. Their fi ndings 
exhibited the relatively high stability of miRNAs immobilized on AuNPs and 
effective transfection of miR-130b into myeloma cells. Functional luciferase assay 
was carried out for quantitative determination of miRNA delivery. The results indi-
cated the knockdown of luciferase implying that miRNA delivery into target cells 
occurred by AuNPs. Ghosh et al. ( 2013 ) used cysteamine-functionalized AuNPs to 
deliver miRNA into two various tumor models, neuroblastoma and ovarian cancer 
cell lines. Moreover, they used PEG coating for miR-AuNP platform to inhibit 
nanoparticle aggregation and enhance half-life of miRNAs on AuNPs. This was due 
to the fact that in the absence of PEG, AuNPs indicated higher tendency to form 
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aggregates. Their results suggested that AuNPs were successful in the delivery of 
miRNAs leading to a 10–20 fold over-expression of mature miRNAs in comparison 
with liposome-mediated transfection. Also, the miRNAs delivered via AuNP 
strategy were capable of potent down-regulation of target genes and modulation of 
cell proliferation rate.  

4.6     Silica Nanoparticle-Based Nanocarriers 

 Silicon-based nanostructures are one of the other inorganic carrier systems that have 
received remarkable attention as a drug delivery platform. Biocompatibility, conve-
nient synthetic procedures, stability, surface modifi cation and the well-recognized 
silane chemistry as a means to simplify cross-linking of different drugs are benefi ts 
of these structures for drug delivery (Ohulchanskyy et al.  2007 ; Couleaud et al. 
 2010 ). The most frequently explored silicon-based structures for drug delivery are 
porous silicon and silica (silicon dioxide). Porous silicon embedded with platinum 
as a device for cancer therapy, silicon nanopores as antibody delivery platforms and 
porous silica nanoparticles harboring therapeutic cargoes such as antibiotics, 
enzymes and DNA are instances that show potential of silicon-based structures for 
treatment purposes (Chen et al.  2004 ; Giri et al.  2007 ). In porous silica nanoparti-
cles, the density and size of the pores can be precisely tuned. This control over the 
structural properties of nanoparticles makes it possible to attain a constant and gradual 
drug release. Roy and coworkers successfully made use of silica nanoparticles 
surface functionalized with EGFP-encoding plasmid for gene therapy purpose 
(Roy et al.  2005 ). Lu et al. ( 2007 ) were successful in inducing apoptosis in various 
cancer cells though mesoporous silica nanoparticles inside which camptothecin 
(a hydrophobic anticancer agent) had been entrapped. This study demonstrated that 
mesoporous silica nanoparticles may offer potential to address the challenge of 
water insolubility of many chemotherapeutic drugs. 

 A number of reports have indicated the ability of silica nanoparticles for the 
delivery of miRNA therapeutics. In a study conducted by Tivnan et al. ( 2012 ), they 
reported the use of a silica nanoparticle-based platform for the delivery of a tumor 
suppressive and proapoptotic miRNA, miR-34a, to neuroblastoma tumors in an 
orthotopic xenograft mouse model. An antibody against GD2 was conjugated to 
these silica nanoparticles. GD2 is a glycolipid with considerable expression on the 
surface of neuroblastoma cells and offers a potential target for immunotherapy and 
targeting with therapeutic purposes. GD2 antibody attachment to the surface of 
porous silica nanocarriers triggered targeted delivery of miR-34a to xenograft 
tumors in mouse. Systemic administration of silica nanocarrier-miRNA platform 
into tumor-bearing mice elicited a substantial decrease in tumor growth and vascu-
larization and a marked enhancement in inducing apoptosis in tumor cells implying 
the anti-tumorigenic effects of the delivered miRNA. 

 Table  16.1  lists various nanocarrier systems used for miRNA delivery together 
with the delivered miRNAs. Also, this table contains information regarding target 
cell or tissue and the related reference. It is important to note that this table involves 
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   Table 16.1    A complete list of all nanocarrier systems discussed in the chapter   

 Nanocarrier system 

 Delivered miRNA/
miRNA- based 
therapeutic 

 Target cell/tissue/
cancer  Reference 

 Adeno-associated virus  miR-26a  Hepatocellular 
carcinoma 

 Kota et al. ( 2009 ) 

 Adenovirus  Let-7  Lung cancer  Esquela-Kerscher 
et al. ( 2008 ) 

 Adeno-associated virus  microRNA-based 
hairpin against 
peripherin-2 

 Retina  Georgiadis 
et al. ( 2010 ) 

 Lentivirus  miR-30  Ovarian cancer  Stegmeier 
et al. ( 2005 ) 

 Lentivirus  Artifi cial miRNAs 
against the Abl 
fraction of the 
chimeric 
Bcr-Abl oncogene 
mRNA 

 Leukemia  McLaughlin 
et al. ( 2007 ) 

 Lentivirus  miRNAs against 
osteopontin 

 Hepatocellular 
carcinoma 

 Sun et al. ( 2008 ) 

 Liposome  miR-34a, 
miR-143/145 
cluster 

 Pancreatic cancer  Pramanik et al. 
( 2011 ) 

 Liposome  miR-7  Lung cancer  Rai et al. ( 2011 ) 
 Cationic lipoplex  miR-133b  Non-Small Cell Lung 

Cancer (NSCLC) 
 Wu et al. ( 2011 ) 

 Solid lipid 
nanoparticle 

 miR-34a  Lung  Shi et al. ( 2013 ) 

 Polyethyleneimine  miR-124a  Neuron  Hwang do et al. 
( 2011 ) 

 Poly-L-lysine  anti-miR-RNA-10b  Breast cancer  Jin et al. ( 2012 ) 
 Polyethyleneimine  miR-145 

and miR-33a 
 Breast and colon 

cancer 
 Ibrahim 

et al. ( 2011 ) 
 Polyethyleneimine  miR145  Brain cancer  Yang et al. ( 2012 ) 
 MS2 bacteriophage-VLP  miR 146a  Ovary, liver, lung, 

spleen, kidney 
and Peripheral 
Blood Mononuclear 
Cells (PBMCs) 

 Pan et al. ( 2012b ) 

 Gold nanoparticle  miR-130b  Multiple myeloma  Crew et al. ( 2012 ) 
 Gold nanoparticle  miR-AuNP-S-PEG  Brain and 

ovarian cancer 
 Ghosh et al. 

( 2013 ) 
 Silica nanoparticle  miR-34a  Brain cancer  Tivnan et al. 

( 2012 ) 

  This table also provides information concerning the delivered miRNAs by these nanocarriers, 
target cell/tissue/cancer into which delivery has been conducted together with the related 
reference  
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a complete list of all nanocarrier systems and their delivered miRNAs that have 
been discussed in this chapter. In fact, the table enables readers to gain a quick view 
of all the nanocarrier systems covered throughout the chapter.

5         Concluding Remarks 

 A wealth of information highlights the momentousness of alterations in miRNA 
expression in a huge variety of neoplastic disorders. This documented role has 
sparked interest in the utilization of dramatic capability of miRNAs as tools for the 
diagnosis and treatment of malignancies. To take advantage of this tremendous 
potential, there remains a great necessity to formulate effi cient  systems for miRNA 
delivery. Nanotechnology, with its multidisciplinary essence, has been a major 
driving force for the development and evolvement of vehicles ideally suited to the 
delivery of diagnostics and therapeutics and has ventured the fi eld of delivery into 
a new era. Application of nanotechnology inspired carriers was primarily concen-
trated on the delivery of siRNA molecules and miRNA delivery remained 
 unexplored. Within the past years, fl ourishing the scientifi c area of miRNA has 
provoked a fl urry of interest in mining suitable and effi cacious nanocarriers for 
the delivery of these regulatory molecules. It is interesting to note that a major 
portion of studies dedicated to miRNA delivery has occurred over the most recent 
years. Numerous nanocarriers have served to the delivery of miRNA pharmaceu-
tics. Each of these nanosystems harbors its own benefi ts and pitfalls. Selection of 
each nanocarrier largely relies on the circumstances and the aims we pursue. In 
general terms, there is not any nanocarrier system that can be used as an omni-
present solution. For instance, carrier nanosystems based on eukaryotic viruses 
are highly effi cient in the transduction of human cells. This extreme ability for 
cellular transduction originates from the deeply rooted evolutionary links between 
these viruses and human cells. This has been a driver for adaptation of viruses to 
infect human cells. The long-established connections of human viruses with their 
host cells have empowered these biological entities to obtain required tools for 
effi cient binding, entry and subsequent intracellular delivery. However, the safety 
issues of eukaryotic viruses have been a great source of concern which has planted 
the thought of using nonviral carrier systems. Nonviral systems are less effi cient 
in comparison with viral carriers. However, their application remarkably reduces 
toxicity concerns. Biological nonviral systems such as lipids, organic polymers 
and bacteriophages display high biocompatibility. Among nonviral systems, 
 bacteriophages represent one of the most newly-arisen delivery systems. Bacter-
iophages, with their unique characteristics and excellent safety profile, hold 
 enormous promise for the development of a novel generation of miRNA delivery 
platforms. The application of inorganic nonviral systems such as gold and silica 
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nanoparticles has also met with success in a number of studies. These reports 
attest to the effi cacy of metal-based nanocarriers for the development of suitable 
miRNA delivery platforms. 

 Taken together, different nanocarrier systems create different opportunities for 
the delivery of miRNA-based therapies. Each system provides a new perspective 
to the landscape of miRNA delivery and opens new routes to this evolving fi eld. 
There has been an extreme tendency towards development of new delivery systems 
which combine the advantages of various platforms. On the other hand, the area of 
targeting of nanocarriers has fl ourished making us closer to the cherished goal of 
targeted delivery. These breakthroughs are great strides to translate the achievements 
of miRNA delivery to the clinic.     
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    Abstract     Therapeutic options for various lung diseases, especially lung cancer, 
continue to expand with the development of novel therapeutic strategies. RNA inter-
ference (RNAi)-based approaches provide a promising modality for the treatment of 
lung diseases. One of the greatest challenges in RNAi-based therapy continues to 
be the method for delivering the therapeutic small interfering RNAs (siRNAs) and 
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microRNAs (miRNAs) to the target cells. The advance of pulmonary delivery systems 
into the clinic illustrates the notion that RNAi will be a valuable modality for the 
treatment of lung diseases. Currently, the development of miRNA-based therapies 
for lung cancer is rapidly advancing with the aid of new RNAi technologies. Given 
the important role of miRNAs in lung carcinogenesis, increasing effort is being 
dedicated to the research and development of miRNA-based therapies, including the 
restoration of tumor suppressive miRNA function and the inhibition of oncogenic 
miRNAs. In this chapter, we discuss the advantages of a pulmonary drug delivery 
system and the strategies for miRNA-based treatment of lung cancer.  

  Keywords     RNA interference   •   Small interfering RNA   •   MicroRNA   •   Lung cancer    
  Pulmonary delivery  

1         Introduction 

 Lung cancer is the leading cause of cancer mortality worldwide. Lung cancer can 
be classifi ed into two main subtypes: non-small-cell lung cancer (NSCLC) and 
small- cell lung cancer (SCLC). Numerous differences are found between these two 
subtypes, including histological type, biological behavior, prevalence, prognosis 
and response to therapy. NSCLC accounts for more than 80 % of all lung cancer 
cases. Only a small percentage of patients with NSCLC present with early stage 
disease. In this circumstance, surgery remains the best therapeutic option for these 
patients. Approximately 70 % of all newly diagnosed patients present with locally 
advanced or metastatic disease and require systemic chemotherapy (Ramalingam 
et al.  2011 ). However, the commonly administered chemotherapeutics provide little 
benefi t for patients with advanced stage disease and has reached a plateau in 
effi cacy with a median survival of 8–10 months. The poor prognosis is due to late 
stage disease presentation, tumor heterogeneity within histological subtypes, 
and our relatively limited understanding of tumor biology. Furthermore, the high 
frequency of drug resistance is a key contributor to the poor survival rates of lung 
cancer patients; improvements in survival rely on continued elucidation of the 
molecular mechanisms underlying lung cancer tumorigenesis and drug response. 
Acquiring knowledge through genomic medicine raises the possibility of unraveling 
the remaining mysteries of lung cancer oncogenesis and opens the door to molecular 
classifi cation and risk stratifi cation based on gene expression profi les and microRNA 
(miRNA) signatures. 

 MiRNAs are short (19–23 nucleotides in length) non-coding RNAs found in 
multiple organisms that regulate gene expression primarily by decreasing the lev-
els of their target mRNAs, through binding to specifi c target sites in the 3′ untrans-
lated regions (3′UTRs) of these mRNAs (Winter et al.  2009 ). In the human 
genome, transcripts of approximately 60 % of all mRNAs are estimated to be 
targeted by miRNAs. Accumulating evidence shows that miRNAs are grossly 
dysregulated in human cancers, including NSCLC, and may serve as oncogenes 
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or tumor suppressors (Croce  2009 ; Babashah and Soleimani  2011 ). Recent studies 
have not only shown that miRNAs are useful in lung cancer diagnosis but that 
specifi c miRNA profi les may also predict prognosis, drug response and disease 
recurrence (Yanaihara et al.  2006 ; Yu et al.  2008 ). These fi ndings suggest that 
miRNAs are a promising technology for therapeutic development. In fact, given 
the signifi cant role of miRNAs in multiple pathways governing lung carcinogen-
esis, increasing efforts are dedicated to the research and development of miRNA-
based therapies, including the restoration of tumor suppressive miRNA function 
and the inhibition of oncogenic miRNAs (Bader et al.  2010 ). 

 The critical problems impeding the development of RNAi-based therapeutics are 
effective delivery to target sites, therapeutic potency, and elimination of off-target 
effects (Boudreau et al.  2009 ). The success of miRNA-based therapeutic delivery is 
also dependent upon uncovering a delivery route that yields effi cient outcomes, is 
convenient, and promotes patient compliance. For this reason, direct administration 
of miRNA-based therapeutics to target organs is a promising approach to overcome 
the problems of systemic administration. Pulmonary delivery offers a new method 
for the treatment of various lung diseases (Fujita et al.  2013 ). We believe that delivery 
of miRNA-based therapeutics using this approach will potentially be useful in clinical 
practice. Here, we provide an overview of miRNAs as therapeutic targets in lung 
cancer and discuss the promise and limitations of pulmonary delivery strategies for 
miRNA-based therapeutics.  

2     Role of MicroRNAs in Lung Cancer 

 Lung cancer biology has traditionally focused on genomic and epigenomic deregula-
tion of protein-coding genes to identify oncogenes and tumor suppressors that are use-
ful as diagnostic and therapeutic targets. Recently, miRNAs were also shown to 
up-regulate target gene expression by either directly binding to the target mRNA or 
indirectly repressing nonsense-mediated RNA decay (Vasudevan et al.  2007 ; Bruno 
et al.  2011 ). MiRNAs play an essential role in various cellular processes, such 
as  development, proliferation and apoptosis, to ensure the cellular homeostasis of 
human cells. Alterations in miRNA expression are increasingly noted in relation to 
pathophysiological changes in cancer cells, thereby making miRNAs one of the most 
currently analyzed molecule types in cancer research. Numerous miRNAs are dysregu-
lated in lung cancers, and a single miRNA can have multiple targets that are involved 
in different oncogenic pathways. A large body of evidence reveals that the aberrant 
expression of miRNAs in cancer patients can be taken advantage of innumerous ways, 
such as for potential use as diagnostic, clinicopathological, and/or prognostic markers 
and as promising therapeutic targets in lung cancer. Aberrant miRNA expression pro-
fi les provide additional insight into the clinical application of miRNA-directed thera-
pies in lung cancer (Leidinger et al.  2011 ). Here, we focus on reviewing the known 
roles of miRNAs as regulators of cancer cell survival, drug sensitivity and tumorigen-
esis. These miRNAs hold great potential as targets in the treatment of lung cancer. 
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2.1     MiRNAs Function as Oncogenes in Lung Cancer 

 Many oncogenes important in controlling lung cancer tumorigenesis are targets of 
miRNAs. The miRNAs found in the miR-17-92 cluster (miR-17, miR-18a, miR- 
19a, miR-19b-1, miR-20a, miR-92-1) are oncogenic miRNAs (oncomiRs) that reside 
in the amplifi ed chromosomal region 13q31.3 (He et al.  2005 ). These miRNAs 
cooperate with c-Myc to accelerate tumor development and promote tumor angio-
genesis (Dews et al.  2006 ). It has been reported that the miR-17-92 cluster is over-
expressed in SCLC (Hayashita et al.  2005 ). Moreover, Ebi et al. reported that 
miR-17-92 over-expression is associated with retinoblastoma (RB) inactivation 
(Ebi et al.  2009 ). Collectively, these results suggest that this miRNA cluster may 
be a potential therapeutic target in lung cancer. 

 The miR-21 gene is located on chromosome 17 and was one of the fi rst miRNAs 
characterized as oncogenic, with its oncogenic function established in various types 
of cancers (Chan et al.  2005 ). MiR-21 has been suggested to be an independent 
negative prognostic factor for the overall survival of NSCLC patients (Markou 
et al.  2008 ). MiR-21 targets tumor suppressor genes such as programmed cell 
death 4 (PDCD4) and phosphatase and tensin homolog deleted from chromosome 
10 (PTEN) (Lu et al.  2008 ; Zhang et al.  2010 ). Furthermore, miR-21 expression is 
up- regulated by epidermal growth factor receptor (EGFR) signaling in lung cancer. 
Antisense miR-21-enhanced EGFR tyrosine kinase inhibitors induce apoptosis of 
lung cancer cells (Seike et al.  2009 ). The critical function of miR-21 in regulating 
lung cancer tumorigenesis makes it a promising target for developing miRNA-based 
therapeutics and diagnostic tools. However, because miR-21 is also dysregulated in 
various type of cancer, it appears to be a general oncomiR without tissue specifi city 
(Volinia et al.  2006 ). 

 MiR-31 is another miRNA with oncogenic properties in lung cancer. The host 
gene encoding miR-31 is located on chromosome 9. Liu et al. showed that miR-31 
functions as an oncomiR by directly repressing large tumor suppressor 2 (LATS2) 
and Protein phosphatase 2, regulatory subunit B, Alpha isoform (PPP2R2A) and 
that knockdown of miR-31 represses lung cancer cell clonal growth and  in vivo  
tumorigenicity (Liu et al.  2010 ).  

2.2     MiRNAs Function as Tumor Suppressors in Lung Cancer 

 Among the numerous miRNAs that function as tumor suppressors, the let-7 family 
is one of the most studied. Let-7 was fi rst identifi ed in  C. elegans  as a regulator of 
the timing of cell fate determination (Reinhart et al.  2000 ). In humans, the let-7 
family is a cluster of miRNAs whose encoding genes map to various chromosomal 
regions that are frequently deleted in lung cancer (Calin et al.  2004 ). Johnson et al. 
( 2007 ) showed that let-7 over-expression in the A549 cell line inhibits cell growth 
and reduces cell-cycle progression. In mouse models of lung cancer, over- expression 
of let-7g reduces tumor growth (Kumar et al.  2008 ), and let-7a inhibits tumor growth 
via suppression of v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog (KRAS) 
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and c-Myc (He et al.  2010 ). Furthermore, reduced let-7 gene expression in NSCLC 
patients correlates with poor prognosis (Yanaihara et al.  2006 ; Takamizawa et al. 
 2004 ). The 3′ UTR of members of the RAS GTPase family such as v-Ha-ras Harvey 
rat sarcoma viral oncogene homolog (HRAS), KRAS and neuroblastoma RAS viral 
oncogene homolog (NRAS) contains multiple putative let-7 binding sites. It has 
also been revealed that let-7 miRNAs negatively regulate multiple oncogenes, 
including MYC (Kumar et al.  2007 ), high mobility group AT-hook 2 (HMGA2) 
(Lee and Dutta  2007 ), B-cell leukemia/lymphoma 2 (BCL-2) (Xiong et al.  2011 ) 
and cell cycle proto-oncogenes such as cell division cycle 25A (CDC25A), 
cyclin-dependent kinase 6 (CDK6) and cyclin D2 (Johnson et al.  2007 ). These data 
show that let-7 miRNAs act as key tumor suppressors in regulating cell survival and 
proliferation in lung cancers. 

 The miR-34 family is another important group of miRNAs that function as tumor 
suppressors in many types of cancers (Hermeking  2010 ; Wong et al.  2011 ). The 
miR-34a gene is located on chromosome 1p36.22, and miR-34b/c are expressed 
from a polycistronic transcript encoded on chromosome 11q23.1. These genes are 
in chromosomal regions associated with fragile sites of the genome that are fre-
quently altered in cancer (Calin et al.  2004 ). Structurally, miR-34 family members 
possess p53-binding sites, refl ecting their function as tumor suppressors down-
stream of the p53 pathway. MiR-34a and miR-34b/c were found to be directly regu-
lated by p53 to control apoptosis and cell cycle arrest in cancer cell lines, including 
lung cancer (Raver-Shapira et al.  2007 ; Wiggins et al.  2010 ). Subsequent studies 
demonstrated that the apoptotic function of miR-34a is mediated by the direct 
down-regulation of the expression of BCL-2 and sirtuin 1 (SIRT1) (Yamakuchi 
et al.  2008 ; Bommer et al.  2007 ). In addition, AXL (Mudduluru et al.  2011 ) and 
SNAIL1 (Kim et al.  2011 ) were identifi ed as miR-34 direct targets in lung cancer 
cells; it is plausible that miR-34 expression inhibits lung cancer cell invasion and 
migration via repression of these genes. In various solid and hematological malig-
nancies, including lung cancer, miR-34 antagonizes processes necessary for basic 
cancer cell viability as well as cancer stemness, metastasis and chemoresistance 
(Bader  2012 ). In the future, the utility of miR-34-directed therapeutics in the treat-
ment of lung cancer will expand dramatically. 

 The anti-tumor activity of miR-143 and miR-145 in lung cancer is also well char-
acterized. They are co-transcribed from a bicistronic gene cluster on chromosome 5 
(Xin et al.  2009 ). MiR-143/145 have been identifi ed as tumor suppressor in various 
types of cancer, including lung cancer. The restoration of miR-145 has been shown to 
inhibit cell growth in mouse and human lung cancer cells (Liu et al.  2009 ; Cho et al. 
 2009 ). It has also been reported that c-MYC, EGFR and nucleoside diphosphate 
linked moiety X-type motif 1 (NUDT1) are direct targets of miR-145 that regulate cell 
proliferation in lung cancer (Chen et al.  2010 ; Cho et al.  2011 ). Furthermore, miR-
145 has also been shown to inhibit lung adenocarcinoma stem- like cell proliferation 
by targeting octamer-binding transcription factor 4 (OCT4) (Feng et al.  2011 ). 
Similarly, the expression of miR-143 was down-regulated in human lung tumor 
samples compared with normal tissues (Gao et al.  2010 ; Vosa et al.  2013 ). 

 Finally, miR-192 also might serve as a promising therapeutic target for lung 
cancer treatment. Retinoblastoma 1 (RB1) is a direct target of miR-192, and 

17 Challenges and Strategies for Pulmonary Delivery…



418

over- expression of miR-192 results in decreased expression of RB1 mRNA and 
protein. Caspase-7 and poly ADP-ribose polymerase (PARP) protein were activated 
by miR-192 over-expression, suggesting that miR-192 induces cell apoptosis 
through the caspase pathway. In addition, the analysis of miRNA expression in 
clinical samples has revealed that miR-192 is signifi cantly down-regulated in lung 
cancer tissues compared with adjacent, normal lung tissues (Feng et al.  2011 ).   

3     MicroRNA-Based Therapies for Lung Cancer 

 The development of miRNA-based therapeutics represents a new strategy in cancer 
treatment and is growing rapidly with the help of new RNAi technologies. Compared 
to siRNA-based therapies, which are already in clinical trials, miRNAs are less toxic 
and have the potential to target multiple genes. As presented above, miRNAs are gener-
ally classifi ed as oncomiRs or tumor suppressors, with different therapeutic approaches 
developed for each class. Generally, the up-regulation of miRNA expression is achieved 
through administration of synthetic miRNA mimics or miRNA-expressing vectors. 
The down-regulation of miRNA expression is achieved through administration of 
 antisense nucleotides, often chemically modifi ed to ensure stability and specifi city. 
Although each approach shares similarities with other therapies, each is suffi ciently 
distinct such that miRNA-inhibitory and replacement approaches should be viewed as 
separate therapeutic modalities. In view of cancer as a heterogenic disease that cannot 
be successfully treated via single gene targeting, miRNA-based strategies may hold the 
key to therapeutic success. Table  17.1  shows a summary of miRNA-based therapeutic 
strategies for  in vivo  models of lung cancer.

3.1       MiRNA Inhibitor-Based Therapeutics 

 To reduce endogenous miRNA levels, anti-miRs are typically employed. 
Targeting miRNAs for suppression through the use of anti-miRs is possibly the 
best-studied modality to date. This approach is conceptually similar to other 

    Table 17.1    MicroRNA-based therapeutic strategies for  in vivo  models of lung cancer   

 MicroRNA  Administration 
 Modulation 
strategy  Delivery technology  Reference 

 let-7a  Intranasal  Replacement  Adenoviruses  Esquela- Kerscher 
et al. ( 2008 ) 

 let-7b  Systemic  Replacement  Neutral liposomes  Trang et al. ( 2011 ) 
 let-7g  Intratracheal  Replacement  Lentiviruses  Kumar et al. ( 2008 ) 
 miR-7  Intratumoral  Replacement  Cationic liposomes  Rai et al. ( 2011 ) 
 miR-29b  Systemic  Replacement  Cationic liposomes  Wu et al. ( 2013 ) 
 miR-34a  Intratumoral  Replacement  Neutral liposomes  Wiggins et al. ( 2010 ) 
 miR-145  Intratumoral  Replacement  Polyethyleneimines  Chiou et al. ( 2012 ) 
 miR-150  Intratumoral  Inhibition  Cationic liposomes  Li et al. ( 2012 ) 
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inhibitory therapeutics that target a single gene product, such as small molecule 
inhibitors and siRNAs. Various methods have been employed to render anti-miR 
constructs more stable  in vivo  and ensure adequate tissue availability and speci-
fi city (Krutzfeldt et al.  2005 ). Constructs can be modifi ed with a cholesterol-
conjugated 2′- O -methyl group to inhibit degradation and hence improve stability. 
Locked nucleic acid (LNA) is an  additional method of antisense oligonucleotide 
modifi cation whereby the 2′ oxygen and 4′ carbon of the nucleotide is bridged 
with methylene to form a cyclic structure. LNA is more resistant to endogenous 
nucleases, less toxic, and possess a stronger affi nity for the target nucleotide 
(Elmen et al.  2008 ; Wahlestedt et al.  2000 ). Relative to studies on miRNA mim-
ics, studies with antisense oligonucleotides have demonstrated greater effi cacy 
using naked oligonucleotides. Furthermore, the  LNA-anti- miR compound was 
well tolerated in both mice and primates, as no acute or subchronic toxicities in 
the treated animals were detected (Elmen et al.  2008 ). Recent data from the fi rst 
Phase IIa study in patients with chronic HCV infection treated with the LNA-
modifi ed anti-miR-122 revealed that this compound was well tolerated and pro-
vided continuing viral suppression (Janssen et al.  2013 ). With regard to lung 
cancer, anti-miR-150 delivered to lung tumor xenografts in mice caused tumor 
growth inhibition (Li et al.  2012 ). Although there are few reports using LNA-
anti-miR therapeutics in lung cancer mouse models, their inhibition of miRNA 
function is an important and widely used approach. Currently, miRNA sponges 
are a novel approach to miRNA inhibition, and this technology works with mul-
tiple complementary 3′-UTR mRNA sites of a specifi c miRNA (Ebert et al. 
 2007 ). MiRNA sponges specifi cally inhibit miRNAs with a complementary hep-
tameric seed; thus, a single sponge can inhibit an entire miRNA seed family. In 
fact, the development of lung metastasis in a murine breast cancer model was 
signifi cantly reduced via inhibition of the MYC driven miR-9 using a miRNA 
sponge (Ma et al.  2010 ). Furthermore, the use of miRNA sponges to inhibit miR-
31 in a breast cancer model resulted in a signifi cant induction of lung metastasis 
(Valastyan et al.  2009 ). Of potential concern is the possibility that the antagonist 
might also non- specifi cally bind to other RNAs, resulting in unwanted side 
effects. Therefore, adequate assessment of the functional effects of miRNA inhi-
bition is of key importance for miRNA inhibitor-based loss-of-function studies 
and development of miRNA therapeutics. The high potency and metabolic stabil-
ity of chemically modifi ed anti- miRs highlights the utility of anti-miRs in the 
development of novel RNAi therapeutic modalities based on lung cancer associ-
ated miRNAs.  

3.2     MiRNA Mimic-Based Therapeutics 

 Tumor suppressor miRNAs are responsible for down-regulating oncogenes and are 
primarily expressed in cancer (Croce  2009 ). In this context, miRNA replacement 
strategies have been developed to restore normal cellular expression levels via 
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administration of tumor suppressor miRNA mimics (Bader et al.  2010 ). MiRNA 
mimics are synthetic RNA duplexes designed to imitate the endogenous functions 
of miRNAs. In addition, miRNAs may be unstable as a result of rapid degradation 
by endogenous nucleases or rapid elimination through renal and hepatic metabolism 
and extraction upon systemic administration (Bader et al.  2011 ). Local administration 
of RNAi-based therapeutics to the target cells is a promising approach to overcome 
the problems of systemic administration (see next section for details). Similarly, 
chemical modifi cations at specifi c positions or formulations with delivery vectors 
have been shown to improve stability. Lipid-based and polymer-based nanoparticles 
reduce the negative electrical charge of RNA nucleotides to promote cell uptake 
(Wu et al.  2011 ). Another strategy for effi cient delivery of miRNA- based therapeutics 
is the use of viral vectors (Bonci et al.  2008 ). Indeed, adenoviral (Esquela-Kerscher 
et al.  2008 ) or lentiviral vectors (Kumar et al.  2008 ) can be used to transfer miRNAs 
to lung cancer cells. Successful delivery of miRNA-based therapeutics requires 
patient compliance with the intended delivery route and effi cient delivery vectors. 
This approach has attracted much interest as it provides a novel opportunity to 
exploit tumor suppressors. The concept of miRNA replacement therapy is best 
exemplifi ed by let-7 miRNA. Intranasal administration of a let-7 mimic into mouse 
models of lung cancer signifi cantly reduced tumor growth, suggesting that miRNA 
replacement therapy is indeed promising (Trang et al.  2010 ). Based on these 
successful results, a clinical trial in non-small cell lung cancer using a let-7 based 
therapy will begin in the near future. As an additional example of the value of 
miRNA replacement strategies, miR-34a-based cancer therapies have powerful 
potential for clinical use. Both local and systemic delivery of a synthetic miR-34a 
mimic resulted in accumulation of miR-34a in the tumor tissue and inhibition of 
lung tumor growth. MiRNA therapeutics will initiate clinical trials of miR-34a 
mimics in 2013, making these mimics some of the fi rst miRNA mimics to reach 
the clinic. Thus, the pharmacological delivery of miRNA mimics effectively inhibits 
tumor growth by targeting multiple genes. However, it is necessary to pay attention 
to any potential toxicities in normal tissues, given that therapeutic delivery of miRNA 
mimics can lead to an accumulation of exogenous miRNAs in normal cells. It will 
be important to investigate miRNA mimic-induced effects in normal cells and care-
fully assess the resultant toxicity before using such therapies in clinical practice.   

4     Pulmonary Delivery of RNAi-Based Therapeutics 

 Despite the promise of miRNAs in cancer therapy, there are still hurdles to clear 
before clinical use, including safety, stability and successful delivery of therapeutic 
miRNAs to the appropriate tissue and into the appropriate cells. In general, the 
delivery of miRNAs can be achieved through systemic administration (via intrave-
nous injection) or local administration (via a direct route). Conceptually, systemic 
delivery is an attractive option because it provides a simple route for miRNA admin-
istration  to all tissues via the blood stream (Liu et al.  2007 ). Indeed, there have been 
some successful reports using systemic delivery of miRNAs in lung cancer models. 
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Nevertheless, this approach has more  in vivo  barriers to overcome, in addition to 
nuclease degradation. The delivery barriers are (i) renal clearance of molecules 
(<50 kDa), (ii) uptake by phagocytic immune cells, (iii) failure of molecules >5 nm 
in diameter to cross the capillary endothelium, (iv) limited passage through the 
extra-cellular matrix (polysaccharides and fi brous proteins), (v) ineffi cient endocy-
tosis by target tumor cells, and (vi) ineffi cient endosomal release (Bader et al.  2011 ). 
Chemical modifi cation and formulation with delivery vectors have been shown to 
improve stability and delivery to target tumor cells, but these alterations may attenu-
ate the suppressive activity of oligonucleotides (Chernolovskaya and Zenkova 
 2010 ). In addition, systemic delivery of miRNAs may induce adverse events similar 
to those reported for other oligonucleotide-based therapies, such as aggregation and 
complement activation, liver toxicity and stimulation of the immune response 
(Kleinman et al.  2008 ). For these reasons, local administration of miRNAs to the 
target cancer cells is a promising approach to overcome the problems of systemic 
administration. Translation of locally administered modalities to the clinical setting 
is dependent upon the development of an effi cient delivery system that is able to 
improve the pharmacokinetic and biodistribution properties of miRNAs. Thus far, 
locally administered modalities are available for ocular, transdermal, rectal and pul-
monary delivery. 

 Dozens of RNAi-based therapeutics are being assessed in preclinical and clinical 
trials, and these studies provide further opportunities for successful results (Davidson 
and McCray  2011 ). Many of these studies are conducted using local administration to 
specifi c tissues. The lung is anatomically accessible to therapeutic drugs via the pul-
monary route. Accessibility is a key requirement for successful RNAi-based  in vivo  
and clinical studies, and this anatomical characteristic offers several important bene-
fi ts over systemic delivery, including the use of lower doses of miRNAs, the reduction 
of undesirable systemic side effects, and improved miRNA stability due to reduced 
nuclease activity in the airways compared to serum. The local approach could poten-
tially enhance the retention of RNAi-based therapeutics in the lungs. Because the 
delivery of siRNAs to the lungs is well studied using different routes and delivery 
strategies (Lam et al.  2012 ), many technologies developed for siRNAs may also be 
applicable to miRNAs. In most of the pulmonary RNAi-based therapy studies  in vivo , 
agents were delivered intratracheally or intranasally. This approach has allowed 
remarkable progress in miRNA modulation in preclinical cancer models, bringing us 
closer to delivering on the promise of miRNAs as cancer therapeutics.  

5     Strategies for Pulmonary Delivery of MicroRNA-Based 
Therapeutics 

 Pulmonary delivery approaches are very attractive because they tend to be non- 
invasive, locally restricted, and administered by the patient. With regard to siRNA- 
based therapeutics, Phase II clinical trials are underway for the treatment of 
respiratory syncytial virus (RSV) infection using an intranasal application of naked, 
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chemically modifi ed siRNA molecules that target viral gene products (DeVincenzo 
et al.  2008 ,  2010 ). To date, two successful studies of pulmonary delivery of miRNA- 
based therapeutics for lung cancer mouse models have been reported (Kumar et al. 
 2008 ; Esquela-Kerscher et al.  2008 ). These studies show that pulmonary delivery of 
miRNA from the let-7 family reduces lung tumor formation in an orthotopic lung 
cancer mouse model without systemic side effects (Table  17.1 ). These data suggest 
that intranasal or intratracheal administration of miRNAs may be a potent strategy 
for treating lung cancer. Although there are no reports of pulmonary delivery of 
miRNA-inhibitors in lung cancer at present, we predict that this delivery strategy 
will become a valuable resource for implementing miRNA-based therapies  in vivo  
and in humans. 

 We believe that pulmonary delivery of miRNAs has two primary advantages over 
systemic delivery for clinical use. First, several sophisticated inhalation devices for 
lung diseases are already in clinical use. Inhaled therapeutics are used routinely to 
treat a variety of pulmonary conditions, including asthma, chronic obstructive 
pulmonary disease (COPD) and cystic fi brosis. Metered-dose inhalers (MDIs) and dry 
powder inhalers (DPIs) are the most common modes of inhaled delivery. The use 
of DPIs for the  in vivo  delivery of therapeutic macromolecules such as insulin 
(Mastrandrea and Quattrin  2006 ) and low-molecular-weight heparin (Bai et al.  2010 ) 
has yielded promising results. Currently, the use of spray-drying as a technique for 
engineering dry powder formulations of siRNA nanoparticles, which might allow 
the pulmonary delivery of biologically active siRNAs directly to the lung tissue, 
has been demonstrated (Jensen et al.  2010 ,  2012 ). Although a suitable carrier is also 
needed to protect miRNAs from degradation given the shear force and increased 
temperature of the drying process, these delivery technologies could open new 
avenues for pulmonary delivery of miRNAs and improve patient outcome. To make 
miRNA-based therapy practical in the treatment of lung cancer, we believe that 
the administration of inhaled miRNAs by DPIs is the best of choice of delivery 
strategy. Second, pulmonary delivery also offers the clinical benefi t of a lower 
miRNA dose. The cost related to the development and application of a particular 
RNAi therapeutic delivery technology is undoubtedly an important factor (Dykxhoorn 
et al.  2006 ). Local administration is likely to be a more cost-effi cient strategy for 
miRNA delivery  in vivo  and in the clinic than systemic administration. Furthermore, 
the advantage of pulmonary delivery is that it ensures high delivery effi ciency 
with minimal drug loss. For this reason, pulmonary delivery of miRNAs has 
great potential for clinical use. However, the limitations of pulmonary delivery of 
miRNA-based therapeutics are important to consider. First, the pharmacokinetics of 
inhaled miRNAs in  in vivo  models and humans are estimated inaccurately. It is also 
unknown whether miRNA-based therapeutics delivered via the intrapulmonary route 
could also be delivered to other organs, such as the liver and kidneys. To prevent 
systemic side effects, the precise pharmacokinetics of miRNAs after intrapulmonary 
administration should be measured. Second, we also must pay attention to the 
pulmonary infl ammatory and toxicological responses caused by the delivery vehicle. 
In fact, there are some reports that RNAi-based therapeutics with polyethyleneimine 
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(PEI) frequently cause infl ammatory responses in the lungs (Beyerle et al.  2011 ). 
It has been reported that naked RNAi-therapeutic delivery possesses advantages 
over other delivery vectors, such as reduced toxicity and reduced infl ammatory 
responses, as well as simple formulation (Heidel et al.  2004 ). However, the 
advantage of naked RNAi-therapeutics over delivery vectors in the treatment of 
lung diseases is controversial (Nielsen et al.  2010 ; Akinc et al.  2008 ). Therefore, we 
need to develop safer delivery technology for practical use in  in vivo  mouse 
models and humans.  

6     Conclusions 

 During the past decade, miRNAs have quickly advanced from discovery to therapeutic 
development programs. This rapid progress refl ects the importance of miRNA 
biology in cancer, leaving little doubt about the therapeutic potential of miRNAs in 
cancer treatment. Given the encouraging results of the profi led studies and preclinical 
testing, miRNAs are being integrated into human clinical trials. The fi rst miRNA-
targeted drug LNA-anti-miR-122 is successfully undergoing Phase II trials (Janssen 
et al.  2013 ). Accordingly, several companies are currently developing miRNA 
mimics or inhibitors for the treatment of cancer. The main focus in bringing miRNAs 
to cancer cells is the capacity of pharmacological drug delivery. The success of 
miRNA-based therapeutic delivery requires effi ciency, convenience, and patient 
compliance using the delivery route. In this chapter, we showed that pulmonary 
delivery of miRNA-based therapeutics holds powerful potential for lung cancer 
treatment (Fig.  17.1 ). A realistic therapeutic intervention, such as inhalation, would 
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  Fig. 17.1    Process for translating microRNA biology from bench to bedside in lung cancer       
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enhance drug delivery to the site of action and decrease systemic exposure, thereby 
reducing off-target effects. In the future, combining miRNA-based therapeutics 
with chemotherapy may potentiate the cancer treatment effi cacy. Therefore, continued 
investigation on all fronts will be of equal importance to the eventual clinical 
application of miRNAs.
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